Ultrasonic estimation of fetal weight for the detection of intrauterine growth retardation by computer-assisted analysis by Warsof, Steven L.
Yale University
EliScholar – A Digital Platform for Scholarly Publishing at Yale
Yale Medicine Thesis Digital Library School of Medicine
1977
Ultrasonic estimation of fetal weight for the




Follow this and additional works at: http://elischolar.library.yale.edu/ymtdl
This Open Access Thesis is brought to you for free and open access by the School of Medicine at EliScholar – A Digital Platform for Scholarly
Publishing at Yale. It has been accepted for inclusion in Yale Medicine Thesis Digital Library by an authorized administrator of EliScholar – A Digital
Platform for Scholarly Publishing at Yale. For more information, please contact elischolar@yale.edu.
Recommended Citation
Warsof, Steven L., "Ultrasonic estimation of fetal weight for the detection of intrauterine growth retardation by computer-assisted
analysis" (1977). Yale Medicine Thesis Digital Library. 3285.
http://elischolar.library.yale.edu/ymtdl/3285
3 9002 08676 0320 
YALE 
fSifris] 
1  Bja; a ) 
MEDICAL LIBRARY 
SB Permission for photocopying or microfilming of 
for the purpose of Individual scholarly consultation or reference Is hereby 
granted by the author. This permission is not to be interpreted as affect¬ 
ing publication of this work or otherwise placing it in the public domain, 
and the author reserves all rights of ownership guaranteed under common 





ULTRASONIC ESTIMATION OF FETAL WEIGHT 
FOR THE DETECTION OF INTRAUTERINE GROWTH RETARDATION 
BY COMPUTER-ASSISTED ANALYSIS 
Steven L. W a r 3 o f 
B.S., Massachusetts Institute of Technology, 1973 
This thesis is presented to the faculty 
in partial fulfillment of the requirements 
for the degree of Doctor of Medicine 
Department of Obstetrics and Gynecology 
Yale University School of Medicine 
1977 
Digitized by the Internet Archive 
in 2017 with funding from 
The National Endowment for the Humanities and the Arcadia Fund 
https://archive.org/details/ultrasonicestimaOOwars 
DEDICATION 
'To JVfy Parents, for ny past, 
and 
To The Future 

ACKNOWLEDGEMENTS 
The author wishes to express his sincere gratitude to: 
Dr. John C. Hobhins for his role as my thesis advisor and 
career counsellor over this past year and for his sponsorship 
of my trip to the United Kingdom, 
Dr. Parviz Gohari for his instruction on the use of 
ultrasonic equipment, 
Dr. Stuart Campbell for his collaboration in the data 
collection, 
Dr. Theodore Holford, Robert Makuch and John Mule for 
their assistance in the data analysis, 
and Mrs. Pamela Brockway, Ms. Inge Venus and the entire 
staff of the Perinatal Unit as well as those who have visited 
the Unit over the past year for their encouragement, friendship, 
and advice, all of which have helped make this endeavor a 
gratifying experience. 

















The need for a quick, easy, and reliable technique for estimating 
fetal weight in utero has been clearly established for monitoring fetal 
growth with respect to gestational age. Physical examination of the 
uterus is notoriously inaccurate for this, and a reliable biochemical or 
biophysical test has not been developed. Ultrasound, being an excellent 
diagnostic tool in obstetrics, is now being used for estimating fetal 
weight and monitoring fetal growth. There is continued controversy 
in the literature debating which of many techniques advocated serves 
this function best. 
This study is intended to develop a system to be used at Yale-New 
Haven Hospital for estimating fetal weight and assessing fetal growth 
at any time in gestation with easily obtainable ultrasound measurements. 
The study will employ a retrospective data base for the development of 
nomograms and a prospective data pool to test the accuracy of these 
nomograms. Computer assistance for data analysis will include multi- 
variable linear regression analysis for maximizing our correlations 
and utilization of the Calcomp Plotter. We will explore the correlation 
between birth weight (BW) and fetal biparietal diameter (BPD), 
abdominal circumference (AC), and total intrauterine volume (TIUV). 
A third data pool collected by Dr. Stuart Campbell at Queen Charlotte's 
Institute of Obstetrics and Gynaecology (QCIOG), London, U.K., will 
also be analyzed, comparing the correlation between birth weight and 




We also intend to derive from our data abdominal circumference 





Although first introduced as a diagnostic tool less than twenty 
years ago, ultrasound has assumed an ever-increasing importance in 
medicine. The principles of ultrasound, that is, using electromagnetic 
or mechanical vibrations for the detection of an unseen object, were 
established as an off-shoot of the development of radar and sonar in 
World War II. At that time it was learned that it was possible to emit 
a pulsed vibration and propagate it either through an air (radar) or 
water (sonar) media and to record a signal that is reflected off the 
object to be localized. (Figure l). 
Sound is a mechanical vibration or wave. When it is in the 
frequency of 16-20,000 cycles per second or Hertz (Hz), it is audible 
to the human ear. Sound of a frequency less than l6 Hz is called 
infrasound, and that greater than 20,000 Hz is known as ultrasound. 
In clinical ultrasound, only frequencies of between 1,000,000 to 
10,000,000 Hz (1-10 MHz) are used. In obstetrical ultrasound, only the 
small range of 2-5 MHz are usually employed. Sound has many properties 
which will be necessary to quickly review to better understand ultrasound. 
Sound, a mechanical wave, unlike electromagnetic waves, requires 
atomic particles or molecules for its transmission and, therefore, cannot 
travel through a vacuum. Sound travels through a medium at a 
characteristic speed (v) which is related to the elasticity (E) and 
density (p) of the medium as follows: 
v = Ye/'p (Equation l). 

In contrast to the common meaning of the word, elasticity, here, 
increases with the stiffness of the material. A soundwave also has 
a frequency (f) or rate of oscillation, and a wave length (X) which 
is the distance from one pressure peak to the next (Figure 2). The 
velocity of sound can also be simply determined from the frequency 
and wavelength of the sound. 
v(m/sec)=f(cyc/sec)*X(m/cyc) (Equation 2) 
Modern ultrasonics is based on the piezoelectric effect which was 
first noted by the Curie brothers in 1880. They discovered that a 
voltage was created when a mechanical energy or strain was applied to 
certain quartz or rochelle salt crystals. The reverse piezoelectric 
effect was noted shortly thereafter; that is, a mechanical vibration 
or soundwave could be created by placing a voltage across the same 
type of crystal. Of course, in both cases energy was not created but 
merely converted from an electrical to mechanical form. Thus, the 
piezoelectric crystal is a transducer. 
A piezoelectric crystal can be operated in two modes. It can be 
used in a continuous mode in which a continuous soundwave is emitted 
such as in the Doppler technique, or in a pulsed mode in which only 
short bursts of soundwaves are emitted at regular intervals. Used 
in the latter fashion, a single crystal can be used both as a 
transmitter of soundwaves (reverse piezoelectric effect) and a 
receiver of soundwaves (piezoelectric effect). A typical crystal 
transducer will be a transmitter for 0.1% of the time and a receiver 
for the remaining 99*9% of the time. It will repeat this pattern 






Radar signal transmission and reflection 
Every soundwave has a wavelength (X) and an amplitude (a) 
The incident wave (I) is partially reflected (R) and transmitted (T) 
at an interphase “between media 1 and 2. The angle of incidence, 0j_, 
is equal to angle of reflection, 6r. The angle of transmission, 0p , 
is defined sin 0^ = sin 0p ^2_ where \>2 is the velocity of sound 
through media 2 and Vp is' Vp the velocity of sound through media 1. 
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This mode is employed in most ultrasound scanners. 
As sound propagates, it loses its intensity. This attenuation is 
due to three factors: 
1. the divergence of the sound beam which is inversely 
proportional to the crystal diameter, 
2. the deflection of sound off interfaces, and 
3. the absorption of energy which is used to overcome friction 
and is released as heat. The absorption of energy is 
proportional to the distance sound travels, its wavelength 
squared and the viscosity of the medium. 
In 19^5 the first use of pulsed ultrasound was reported by 
Firestone^for the detection of flaws in metal. He demonstrated that 
soundwaves were reflected and refracted (transmitted) at interphases 
of differing acoustical properties (Figure 3). 
When a soundwave reaches an interface, it is partially reflected 
and partially transmitted. The transmitted beam continues through the 
media in a slightly different direction. The direction of the 
transmitted beam is defined (see Figure 3)*’ 
sin 0-fc = (v2/vq) • sin 8r (Equation 3)- 
The reflected wave is the signal picked up by the piezoelectric effect 
and is displayed on the Cathode Ray Tube (CRT) output display. 
The direction of the reflected wave is determined by the angle of the 
incident wave: 
8r = 0^_ (Equation h). 
If 8-j_ if greater than two degrees from the perpendicular of the interface, 
the reflected wave will not be strong enough to be detected. 

T 
A transducer can emit soundwaves of various frequencies, 
depending on the voltage placed across it and the inherent properties 
of the crystal used. The higher the transducer frequency, the better 
the resolution, so that finer structures are perceived. But while 
increasing the frequency, the attenuation of the sound is increased, 
thereby decreasing the ability of the soundwave to penetrate tissues. 
The resolution of ultrasound is a function of the transducer used. 
The lateral resolution is inversely proportional to the width of the 
ultrasound beam. The maximum axial resolution is equal to one wave¬ 
length of the ultrasound beam. Therefore, a 2.25 MHz transducer has 
a maximum axial resolution of 0.7 mm in human tissue. 
Doppler ultrasound which uses two crystals, one as a continuous 
emitter and the second as a continuous receiver, is based on the 
principle that a change of frequency of sound will occur secondary to■ 
a relative motion of a sound source to an observer. This change of 
frequency, Af, is determined by the formula: 
Af = (2fQ/v) V cos 9 (Equation 5) 
where f0 is the frequency of the emitted ultrasound, v the velocity 
of sound, V the velocity of the moving surface, and 0 the angle 
between the sound beam and the direction of motion of the reflecting 
surface. Doppler ultrasound technique can similarly be used to 
determine the flow, F, in a vessel: 
F = Av (Equation 6) 
where A equals the cross sectional area and v equals the average velocity 
in the vessel. The cross sectional area can be measured by pulsed 
ultrasound. This technique is important in determining cardiac output. 
■ 
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Ultrasonic information may t>e displayed by various techniques. 
The earliest method was A-mode or amplitude modulation. In this system 
the height of the displayed output signal is proportional to the 
amplitude of the detected reflected soundwave. Since sound travels 
at a characteristic speed, 1540 m/sec in human soft tissue or 13 y sec 
to travel 1 cm, the distance between the transducer and the reflecting 
surface can be determined by the time needed for the signal to return. 
One difficulty with A-mode, however, is that the sound energy is quickly 
absorbed as the soundwave penetrates deeper into the tissues. Signals 
returning from distant points are very weak compared to those returning 
from closer interfaces. To compensate for this T.C.G. (time compensated 
gain) was added to the output display. This allows distant echoes to 
be magnified greater than close echoes (Figure 4). 
A second form of output display is B-mode or brightness modulated. 
In this system the amplitude of the returned signal is made proportional 
to the brightness of a dot displayed on a cathode ray tube. By moving 
the transducer or scanning a surface, a two dimensional cross-sectional 
display can be visualized on the CRT tube as shown in Figure 5- If 
instead of scanning with the B-mode transducer, one chooses to hold it 
fixed but records the output with a constantly rising baseline with 
respect to time, one can document changes or movements in the path of 
the soundwave. This is known as M-mode or motion mode. 
In all B-mode techniques, the quality of the scan was limited 
by the CRT output display. The dynamic range of an output display is 
defined as the ratio of the amplitude of the largest detectable echo to 
the smallest detectable echo. A typical CRT has a dynamic range of 10 db. 
The dynamic range of tissue is 100 db. This difficulty was overcome 
- 
9 
K h A h 
Fig- ^ A) C.R.T. output display before T.C.G. with 
near echoes on left 
B) T.C.G. curve 
C) C.R.T. output after T.C.G. compensation 
Fig. 5 A) 
3) 
B-mode scanning 
C.R.T. display of scanning 
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in 197^ with, the invention of the gray scale scan converter. Wien 
coupled to a television monitor, the scan converter bypassed the need 
for the GET display. This display increased the dynamic range of 
the output to 20 db by displaying the output in eight different shades 
of gray rather than the on-off display of a CRT. Among the advantages 
of gray scale output is a more aesthetic display, the ability to zoom 
in on a small area of attention, the possibility of multiple TV monitor 
displays, the ability to color code if it is deemed desirable, and 
non-summating property of the scan converter. Because of this last 
factor, the image will not be distorted by repeated scanning of the 
same region as it would be on a CRT. 
One of the latest developments in ultrasonics is real-time 
scanning. In this technique many transducers are arranged sequentially 
in the transducer head. Between 15-100 'scans are automatically 
performed each second. The output in this case is constantly changing, 
and the scanner then can visualize motion of the observed object. The 
transducers can be arranged in a multiplex or phased array pattern. 
The ADR real-time scanner employed at Yale-New Haven Hospital Perinatal 
Unit has 6h transducers which perform U0 scans/sec. 
Before proceeding to the uses of ultrasound, we should take a 
moment to discuss the possible hazards of this technique. The 
physical effects that ultrasound may have Is a function of the total 
energy absorbed, the rate the energy Is absorbed, and the property 
of the tissues being scanned. Ultrasonic energy is non-ionizing; 
that Is, its energy is never sufficient to expel an electron from an 
atom. Ultrasonic energy, however, can produce heat while overcoming 
frictional forces while travelling through tissues. This energy wave 
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can be converted into mechanical or chemical energy or cause 
cavitation in tissue. 
The possible biologic effects of ultrasound vhen used at intensities 
/ p U9 
greater 50 watts/cm^ are listed in Table I. 
TABLE I 
POSSIBLE BIOLOGIC EFFECTS OF ULTRASOUND 
AT GREATER THAN 50 w/cm2 INTENSITY 
1. protein enzyme inactivation 6. chromosome breakage 
2. membrane permeability changes 7. nerve block 
3. cell membrane rupture 8. motor paralyses 
4. brain damage 9* liver necrosis 
5- cataracts 10. fetal developmental anomalies 
11. alteration in muscle ultrastructure 
These effects are caused by the conversion of the energy of the sound¬ 
wave to the other forms of energy. As of this time, there has been no 
report of biologic damage when the intensity is less than 11 watts/cnf2. 
In the range of 1-10 watts/cm , subcellular and molecular effects can 
be seen. The standard ultrasonic intensities used in clinical ultrasound 
p 
are between 0.001-.050 w/cm . Numerous studies have been performed 
exposing rodents to huge amounts of ultrasound at various frequencies 
at clinical intensity. All these studies have concluded that 
ultrasound is unlikely to present any hazard either physical or 
79 97 136 
genetic to mother or fetus. 
As a diagnostic tool, ultrasound has many unique advantages over 
other techniques. It is non-invasive, painless, safe, and has excellent 
resolution. The axial resolution with a 2.25 MHz transducer is less 
than 1 mm. In contrast, a nuclear C.A.T. scanner has a resolution of 
2 cm in vivo. Because ultrasound is non-invasive, the organ to be 
studied is examined in the physiologic state. In addition, ultrasound 
" 
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can be repeated many times regardless of liver or kidney function. This 
allows the ultrasonographer to closely follow the progress of disease 
processes. For these reasons, ultrasound has many applications to 
the field of medicine aside from obstetrics and gynecology. 
One of the first medical applications of ultrasound was echo- 
encephalography ; that is,the use of ultrasound in evaluating structures 
in the cranial vault. Among the more important uses is the identification 
and localization of intracerebral masses and differentiating between 
cystic masses, hemorrhage and solid masses (tumors). The earliest 
clue to these diagnoses is the shifting of mid-line structures such 
as the falx cerebri or pituitary gland which is easily detectable by 
echoencephalography. 
The ultrasonic examination plays an important part in many 
ophthalmologic diagnoses, especially in the presence of cataracts or 
vitreous hemorrhages when direct ophthalmologic examination is difficult. 
Since the ophthalmologist is interested in structures within only a few 
cm's of his transducer, he does not need much penetrability and can 
improve his axial resolution to 0.05 nun by using up to 30 MHz 
transducers. With ultrasound, the ophthalmologist is able to detect 
minute retinal detachments, foreign bodies, and intraocular tumors 
such as retinoblastomas and choroidal tumors. 
In the chest,ultrasound is established as one of the most 
important diagnostic tools for evaluating cardiac lesions. Echo¬ 
cardiography employs M-mode ultrasound to evaluate the many moving 
structures, i.e. valve leaflets and chamber walls in the heart and 
great vessels. It is also the best technique for evaluating 




Application of Ultrasound in Cardiology 
Ultrasound is diagnostic in - 
Mitral Stenosis 
Pericardial Effusions 
Idiopathic Hypertrophic Subacute Stenosis 
Atrial Myoma 
Hypoplastic Left Heart Syndrome 
Ultrasound provides supplementary information to other invasive 
diagnostic tests in - 
Mitral regurgitation 2° Mitral valve prolapse and Torn 
Chorde Tendineae 
Prasthetic valve motion and function 








Ultrasound provides useful physiologic information in - 
Evaluation of chamber and great vessel size 
Determination of cardiac output, stroke volume and 
transvalvular flow 





Ultrasound has heen of less value in evaluating other structures 
in the chest due to the presence in the chest of dense bones and the 
aerated lungs which prevent ultrasonic penetration. Despite these 
drawbacks, ultrasound is useful in the evaluation of breast masses, 
mediastinal structures, and pleural masses and effusions. 
One of the most exciting new areas of diagnostic ultrasound is the 
111 
evaluation of the abdomen. Table III lists many conditions in which 
ultrasound lends itself to the diagnosis. 
The use of ultrasound in obstetrics was first advocated and 
30,32 
promoted by Ian Donald. He pointed out that ultrasound in obstetrics 
is uniquely suited and far superior to roentgenology or nuclear scanning. 
In obstetrics one is dealing almost exclusively with soft tissue 
differentiation in both the fetal and maternal organs. In addition, the 
maternal bladder and amniotic fluid provide a liquid media which is 
easily penetrable by ultrasonic waves. In fact, the only patient 
31 
preparation needed for an ultrasound examination is a full bladder. 
Besides serving as an excellent sound transmitter, a full bladder 
displaces any air-filled bowel loops that would interfere with the 
penetration of the beam, and it displaces the uterus out of the deeper 
portions of the pelvis allowing even better accessibility. Also, the 
safety of ultrasound to both mother and fetus allows ultrasound 
examinations to be performed frequently throughout gestation so as to 
monitor fetal growth. 
Ultrasound is a useful tool from the beginning to the end of 
gestation. Ultrasound is frequently used to verify hormonal evidence 

TABLE III 
Abdominal Conditions Amenable to Ultrasonic Diagnoses 
- Differentiation of solid and cystic masses 
- Diagnosis of ascites 
- Diagnosis of obstructive jaundice 
- Extent of abdominal tumors 
- Detection of metastases in liver and other 
abdominal organs 
- Diagnosis of liver and subphrenic cysts and 
abscesses 
- Presence of lymph nodes at the porta 
hepatis 
- Pancreatic neoplasms 
- G.U. system neoplasms and cysts 

16 
of a pregnancy. The early gestational sac is visualised as a 
moderately dense group of echoes forming a circular pattern or "ring" 
within the uterus. Visualization of the gestational sac has teen 
reported as early as the fifth week of gestation and ty the eighth 
week, sixth week postconception, the gestational sac can te visualized 
9b 
nearly 100% of the time. 
Ultrasound can te used for the detection of fetal demise. The 
pattern of a threatened atortion in early pregnancy, that is, an 
49 
incomplete "ring”, has teen established. Fetal demise can te 
determined by loss of fetal heart teat, decrease in blood flow, 
9b 
lack of fetal growth, and disorganization of the fetal structures. 
All these are readily determined ty ultrasound. The diagnosis of an 
ectopic pregnancy can te made ty ultrasound, tut it is often quite 
difficult with many false positives and negatives. 
34 
Ultrasound is the method of choice for placental localization. 
The placental echoes occupying the lower uterine segment or covering 
the cervical os are readily recognizable and diagnostic of placenta 
122 
previa. If a placenta previa is diagnosed early in pregnancy, a repeat 
ultrasound examination should te performed at term,as the placenta often 
is drawn up and away from the cervix as the uterus grows in the late 
stage of gestation. Therefore, what appeared as a placenta previa at 
30 weeks can resolve and allow for a normal vaginal delivery at term. 
55 
The growth of the placenta throughout pregnancy has teen documented. 
A small placenta is diagnostic of placental insufficiency which is helpful 
in the diagnosis of intrauterine growth retardation. The midtrimester 
placenta should have a homogeneous panencbymal texture with a clearly 
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defined chorionic plate. At term, the placenta has the appearance 
of a Swiss cheese with the cotyledons visible as transonic areas and 
the intercotyledonous septa being sono reflective. Abnormalities of 
placental texture such as calcification, mucinous cysts, and venous 
lakes become apparent under ultrasonic scrutiny and can be helpful in 
various obstetrical diagnose l7 
Fetal abnormalities are readily detectable by ultrasound. Congenital 
anomalies, hydrocephalus, anencephalus, Potter’s syndrome, omphalocele, 
fetal ascites, spina bifida and other neural tube defects are among the 
many conditions that are readily diagnosed by ultrasound. The 
diagnosis of hydatidiform mole or trophoblastic disease is made by 
the typical "snowstorm like" appearance on the B-scan. 
When multiple gestations are suspected, ultrasound is the 
diagnostic test of choice. Multiple gestational sacs or fetuses are 
readily visualized to confirm the diagnosis. At times it is important 
to identify either fraternal or identical twins. If two distinct placentas 
are visualized then fraternal twinning is assured. If only one 
placenta is seen, it may be either identical twinning or a consequence 
of placental fusion in fraternal twins. Fetal lie, when not 
ascertainable by clinical exam, can easily be determined whether 
vertex, breech (complete, frank, or footling), transverse, or oblique. 
Cephalopelvic disproportion (CPD) is best diagnosed when combining 
x-ray pelvimetry with ultrasonic assessment of fetal size. X-rays are 
necessary to determine the dimensions of the maternal pelvis but cannot 
be used for evaluation of fetal head size since the distance from the 
fetus to the x-ray plate cannot be precisely determined. 'With 
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ultrasound, however, the fetal head and body size can be accurately 
determined and then compared to the x-ray pelvimetry. 
Another use of ultrasound in obstetrics is for the accurate dating 
of gestational age especially when there is poor or inconsistent menstrual 
history. Robinsorf^ ’In Glasgow has reported the use of fetal crown-rump 
length for the dating of gestations between the 6th and ikth weeks of 
gestation. Robinson claims reproducibility to within 1.2 mm and the 
ability to predict the maturity of pregnancy within +_ days at this 
stage of gestation (Figure 6). After lU weeks, fetal crown-rump length 
is of limited value. After this point, fetal cephalometry is used for 
the determination of gestational age. This measurement was first 
. 30 
introduced by Donald in 1961. 
The techniques of measuring the BPD (biparietal diameter).by A-mode 
131 
ultrasound was described by Willocks, et al, in 196U. Today, the most 
commonly used technique uses B-scan for proper localization of the BPD 
and either A-mode^or hand-held calipers for the actual measurement. 
Fetal BPD growth curves from the 13th week to term for the estimation of 
gestational age were reported by Campbell and Newman in 197?4 
(see Figure 7). They reported an average growth of 3•5 mm/week 
between the 13th and 30th weeks of gestation, a 2.2 mm/week growth rate 
between the 30th and 3^th weeks, and less than 1 mm/week growth after 
the 3^-th week. Because of the more uniform growth, gestational age 
predictions are the best before 30 weeks, but still useful up to 3^ weeks. 
After 3^ weeks, BPD estimates of gestational age are of limited value 
because of the greater variation in head size for each week. With 
one measurement, Campbell was able to predict EDC within 9 days in Qh% 
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Fig. 6 Crown-rump length vs gestational age" 




of 170 cases in the second trimester of gestation. Using serial 
measurements, Varma was able to increase this, accuracy to 91-2$ of 
123 119 
2jh patients vith unknown dates. Underhill, et al, compared the 
use of ultrasonic cephalometry with radiological evaluation and 
cytological studies on amniotic fluid and found cephalometry to he the 
most accurate in determining the EDO. Since different populations 
have varying ethnic make ups with differences in their growth 
potential, it is necessary to determine BPD growth curves for local 
populations such as done by Thompson^^ Heilman^ Jouppilia^ Willocks,-^ 
68 57 , . 
Kobayashi, and Hobbins (see Figure T). Although the numbers are 
slightly different, the shape of these curves are all basically the 
same. 
Aside from determining gestational age, there has been much work 
using ultrasound to monitor fetal growth either comparing a single 
measurement to normal growth or with serial ultrasonic measurements. 
The best method for monitoring fetal growth, whether by abdominal palpation, 
indirectly with hormonal assays, or by direct ultrasonic measurements, is 
still controversial and will be addressed later in the text. First, 
we shall discuss the clinical settings of dysfunctional growth. 
As long ago as 1902 Ballantyne noted that certain neonates were 
born "dysmature.M " He described these infants as having dry, parched 
skin, long nails, a paucity of meconium-stained amniotic fluid, 
advanced ossification for their premature weight and a markedly decreased 
quantity of subcutaneous fat. Ballantyne clearly differentiated this 
infant from a premature infant who despite having the same birth weight had 
a much different appearance. Despite this accurate description 75 years 
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ago, even into the i960's the American Academy of Pediatricians and 
the World health Organization defined a premature infant as one whose 
12 
birth weight was less than 2500 grams regardless of its gestational age. 
125 
In 1961 Warkany first used the term intrauterine growth 
retardation to describe those infants born at or below the tenth 
percentile for ejected weight for gestational age. This nomenclature 
is still used today. It is now apparent that a neonate must not only 
be classified according to his weight either small (<tenth percentile), 
appropriate, or large(>ninetieth percentile), but also must be 
classified with respect to gestational age. It is, therefore, necessary 
to classify neonates in one of nine categories (see Figure 3). 
In a recent study at the University of Colorado Medical Center, 
g 
l6lT neonates distributed themselves as shown in Figure 8. Thirty- 
eight percent of infants born under 2500 grams were not premature but 
were classified as small for gestational age. 
The incidence of intrauterine growth retardation in this study was 
7!+ 
7.2%. Low and Galbraith reported an incidence of 5*3% in his series of 
3^28 consecutive deliveries. Estimates vary slightly depending on precise 
definitions used. 
In the evaluation of an IUGR infant, Barcf’ considers the neonate 
to have three critical dimensions, weight, length, and head circumference. 
The first to be affected is weight leading to mild IUGR. With longer 
standing pathology, the neonatal length is affected. This is moderate 
IUGR. Since fetal physiology tends to maintain brain growth when 

































Preterm | Term Posttern 
Fig. 8 Nine categories of neonates with distribution 
in percentages ° 
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The typical IUGR affected neonate displays wasting of soft tissue 
and muscle mass with a markedly diminished amount of adipose tissue, 
becoming most apparent over the cheeks, arms, buttocks and thighs. 
The brain is usually least affected. Body length and heart weight 
are usually normal except in the more severe cases. The liver and 
thymus, however, are markedly decreased in size and tend to be the 
most affected by IUGR. In these affected organs there tends to be 
a normal number of small sized cells. The umbilical cord is often 
thin with yellow brown discoloration. The placenta is typically small 
in weight. Histology in this situation reveals that the placenta has 
a decreased number of normal sized cells with an increased RHA/DNA 
ratio.^ 
The IUGR infant has many post partum problems. The fetus is 
usually born through meconium stained fluid and is typically beset 
by the problems of aspiration such as pneumonitis, acute apneic 
episodes, pulmonary hemorrhages or pneumothoraces. Either because of 
this acute insult or as a result of chronic placental insufficiency, the 
neonate has problems with electrolyte and metabolic disorders. Intrapartum 
asphyxia may lead to a metabolic acidosis with a compensatory respiratory 
alkalosis. This may in turn lead to cerebral edema and convulsions. 
The neonate has difficulty with hypothermia, perhaps secondary to its 
diminished fat deposits which usually serve as an energy reserve and 
as insulation. Hypoglycemia down to 30 mg/lOOml was reported in 27% 
of IUGR neonates in the first post-partum hours. It is speculated 
that this Is caused by the shrunken fetal liver. The small for 

2b 
gestational age (SGA) infant may also have difficulties with hypocalcemia 
which can lead to the tremors and clonus often seen with IUGR. 
Hematologically, the SGA infant may he plagued with polycythemia and 
thrombocytopenia with the added complication of coagulopathy. Even 
38 
for the survivors the outlook is not good. 
39 
Fitzhardinge and Stevens followed b6 IUGR infants who were known 
not to have major congenital anomalies or gestational infections for 
at least five years after birth. As a group, their average weight 
rose from below the thrid percentile at birth to between the tenth 
and twenty-fifth percentile in both weight and height by six months. 
Their growth from that point followed a constant percentile so that 
by age six, eight percent had a height greater than the fiftieth 
percentile. Thirty-five percent, however, were still below the 
third percentile. There was no apparent difference in distribution 
of heights and weights between a group of the twenty most severely 
affected IUGR infants with the total group of 96 studied. 
4o 
Neurologically this same group had many difficulties.' Against 
a matched group of normals, 33% of boys and 26% of girls showed minimal 
to moderate speech defects. The normal group had speech difficulties 
in only 1.5% of cases. Although audio acuity was grossly normal, 
visual defects were seen in l8% of affected males and 10% of females. 
This was about twice the frequency seen in the control group. Twenty- 
two percent of males and 25% of females in the project were considered 
to be minimally brain damaged by age five. Controls had only 1% 
minimally brain damaged. In addition, 59% of male subjects and 69% 
of females had diffusely abnormal EEGT s, over twice what was found 
in controls. One subject had cerebral palsy and six suffered from major 
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convulsive episodes. Despite the fact that as a group their IQ was 
almost normal (male 95 > female 101), 50% of males and 26% of females 
were doing poorly at school by age five. 
IUGR or dysfunctional growth is caused by problems in the fetal- 
maternal supply line, and as such the pathology may be in the maternal 
bl, 52 
component, fetal component, or m its interface, the placenta. 
The host organism, the mother, must provide the fetus with all its 
metabolic needs. Inadequate maternal supply of oxygen can result in 
fetal hypoxia. This may be due to excessive smoking, pregnancy at high 
altitudes, maternal anemia, or cardiac disease. An inadequate maternal 
supply of nutrients can also result in a growth retarded infant. 
Although the precise nutrients necessary for adequate fetal growth 
are not known, mothers with Kwashiorkor or marasmus will .tend to have 
growth retarded infants. Maternal pre-pregnant weight and weight 
gain during pregnancy are also important in determining fetal size. 
In addition, the fetal growth potential is influenced by the genetic 
contributions from both mother and father. Small parents tend to have 
small babies. 
Fetal pathology may also cause IUGR. These problems fall into 
either genetic, teratogenic or infectious categories. Chromosomal 
aberrations such as Down's syndrome and trisomy 18 or 13 are seen 
with the growth retarded infant. Congenital anomalies of the 
cardiovascular system, neural tube, or genital urinary system such as 
Potter's syndrome are associated with growth retardation. Infectious 
disease such as rubella, cytomegalic inclusion disease and 
toxoplasmosis are also associated with in utero growth retardation. 
' 
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Problems associated with, the fetal supply line include hypertension, 
chronic renal disease and severe diabetes with vascular involvement. 
Placental infarctions, calcifications and abruptions can all lead to 
impairment of fetal growth. 
52 
Gruenwald described three types of fetal deprivation. Acute 
fetal deprivation lasts for a period of hours, usually related to the birth 
process. Fetal size is usually not affected, although the fetus may suffer 
from acute hypoxia or hypoglycemia. A second form is subacute fetal 
distress which may last from a few days to a few weeks. This 
usually affects a normally growing fetus in its last weeks of gestation. 
The fetus responds to this stress by catabolizing its own subcutaneous 
fat and muscle for maintenance. The fetus may appear of normal 
length but will appear wasted with a weight below that expected for 
its gestational age. Since the fetal brain and skull are 
preferentially protected, one would not expect a decrease in fetal BPD 
in this instance. This would be equivalent to Campbell's asymmetric 
IT 
growth retardation, the "late flattening" growth retardation pattern, 
53 
or Hansman type II growth retardation pattern. Two-thirds of IUGR 
infants fall in this category. In the final instance, Gruenwald^^describes 
a chronic fetal distress which lasts over a period of months usually 
beginning in the early third trimester. In this instance, the fetus 
is small for dates with respect to length, weight, and head size but 
is normally proportioned. The fetus does not appear wasted because 
it never had an opportunity to build up subcutaneous fat deposits which 
could be used as reserves. Campbell described this as the symmetrically 
growth retarded infant or low-profile growth retardation pattern 
This was described by Hansman as Type I growth retardation.^'’This affects 
- 
27 
approximately' one-third of growth-retarded infants. In these cases 
the fetus often is shown to hare severe congenital anomalies or has 
suffered a severe in utero infection. 
Several large studies have shown that the growth retarded infant 
has a significantly higher perinatal mortality rate than the 
appropriately sized fetus. The British Perinatal Mortality Survey 
16 
showed that the growth-retarded infant had a mortality rate six times 
120 
that seen in normal infants. Usher and McLean in a series of bh,2^6 
consecutive births found a tenfold increase in perinatal mortality 
in the IUGR infant. They estimated that 2.7 perinatal deaths per 
1000 births were exclusively due to chronic fetal deprivation, and 
that 70% of these babies could be salvaged by correct diagnosis at 
3^ weeks gestation. In a study of 3^28 deliveries. Low and Galbraith 
found a perinatal mortality rate three times that of the general 
population. They found that 52% of the IUGR gestations had one or more 
complications that could serve as a diagnostic clue to the presence of 
IUGR. Eighteen percent had obstetrical complications such as toxemia 
or antepartum hemorrhage, 15% had gestational complications in a 
previous pregnancy, 15% had gestational complications in the current 
pregnancy such as multiple gestations, developmental abnormalities and 
postdatism and Q% had a significant maternal medical complication 
such as chronic hypertension, renal disease or cardiac disease. In 
the other 48% of IUGR gestations there was no evidence of any 
obstetrical, gestational or maternal complications that may have lead 
to IUGR. In this bQ% there were no predictive characteristics to indicate 
the presence of IUGR. The diagnoses in these cases depends on the 




In contrast to the small i<-2 standard deviations of birth weight 
with respect to gestational age) IUGR infant, the infant of a diabetic 
mother (l.D.M.) often occupies the other extreme (+2 standard deviations) 
59, 128 
of weight for gestational age. The incidence of diabetes both overt 
and chemical in the obstetrical population is 1% and equals that 
expected in the general population for a matched age group. The 
genetics of diabetes is considered to be multifactoral and multigenic. 
The offspring of two diabetic parents has a 12% chance of being diabetic 
and the offspring of one diabetic parent regardless of sex is 9%>. 
The effect of diabetes upon pregnancy is multiple. Although 
fertility is unimpaired, the rate of spontaneous or missed abortions 
is 10%> in White’s Class A and B diabetics, 2h% in Class C, 30% Class D 
and lb% in Class E. Polyhydramnios is seen in practically all 
instances of a diabetic pregnancy. Prior to insulin treatments, the 
rate of pre-eclampsia in diabetic pregnancies was 50% often associated 
with fetal demise after 3b weeks of gestation. Placental abnormalities 
are common in diabetic pregnancies. In Class A and B diabetics, placentas 
are unusually large in size, but Class C and worse diabetes is 
associated with small placentas. Placental infarcts are common in 
diabetes and there is a 5% incidence of a single umbilical artery. 
Placental production of diamine oxidase is decreased, heat stable 
alkaline phosphatase shows a lag in production while phosphorylase A 
is increased. Although these enzymatic changes are statistically 
significant, they are not useful as a prognostic or diagnostic tool. 
Fetal demise is often attributed to pre-eclampsia, fetal ketoacidosis, 
or utero placental vasculopathy. 
■ 
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The fetus itself is often macrosomic. Its increased weight is 
due to excessive subcutaneous fat deposits which occur not only in 
greater quantity but earlier in gestation than normal. In this 
instance, whereas the brain and thymus are relatively normal size, the 
fetal heart and adrenals are increased in size. Despite this, Murata 
Qb 
and Martin reported that there were no changes in ultrasonically 
determined fetal BPD in diabetics and normals from the 13th to 37th 
week. After the 37th week, the diabetic's BPD will be greater 
regardless of diabetic class (Figure 10). 
Congenital anomalies occur in 17$ of I.D.M., but more dramatically 
anomalies are seen in 6l$ of those diabetic fetuses that do not 
survive. There has been reported an 8-15$ fetal mortality 
rate in diabetic gestations. The most common anomaly is an 
interventricular septal defect. The most specific anomaly for I.D.M. 
128 
is sacral agenesis. Aside from congenital anomalies, the leading 
cause of perinatal death in the I.D.M. infant is respiratory distress 
syndrome. Gluck^ reported that the lecithin/sphingomyelin ratio in 
diabetics Class A-C have delayed maturation. There have also been 
many incidences of false positive L/S ratios. The follow up on a series 
of surviving diabetic infants at eight years of age reveals that their 
IQ's are slightly greater than a matched group of non-diabetics. 
Typically, the I.D.M. had difficulties with motor and conceptual 
abilities. Neurologic defects were seen in 18$ and congenital 
anomalies were seen in 17$ of survivors at eight years. 
At the Yale-New Haven Hospital, there is a great effort to screen 
59 
for diabetes in the population at risk. All patients at risk receive 




White's Classification of Diabetic Gestations 
128 
Class A Chemical diabetes with a positive glucose to 
either prior to or during pregnancy 
Class B - Subtotal Diabetes - onset after 20 years of 
than ten years duration 
Class Cl - Onset between ages 10-19 
Class c2 - Duration of diabetes between 10 and 19 years 
Class °1 - Onset before 10 years of age 
Class d2 - Duration greater than 20 years 
Class D3 - With calcification of leg vessels 
Class DU - With benign retinopathy 
Class 
d5 
- With hypertension 
Class E - With calcification of pelvic vessels * 
Class F - With Nephropathy 
Class R _ With malignant retinopathy 
Figure 10®^ 
BPD Growth in a) non-diabetics and b) diabetics 
a) BPD = 1.93 + 
b) BPD = 1.11 + 
.19 (gestational age) 
.22 (gestational age) 
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Those at risk include all patients who fulfill one of the following criteria 
l) over 25 years of age, 2) obese, 3) a positive family history of 
diabetes mellitus, or k) a past gestation resulting in an infant either 
greater than 3800 grams, or with congenital anomalies, or a previous 
unexplained stillbirth. 
During gestation, patients are kept under strict diabetic 
control with insulin as needed. Typically, insulin requirements will 
increase 66% from prepregnant levels due to the diabetogenic effects 
of pregnancy. Twenty-four hour urinary estriols are started weekly from 
the 33rd week, two to three times a week from the 3^th to 36th weeks and 
daily after that. HPL’s (human placental lactogen) and OCT's (oxytocin 
stress tests) are also used to monitor fetal well being. A fall in 
estriols, a positive OCT, signs or symptoms of pre-eclampsia or 
marked decrease in fetal activity are indications for delivering. 
Despite these indirect methods of following the diabetic gestation, 
obstetricians would prefer direct measurements of fetal growth, weight and 
body size to determine the presence of macrosomia and the advisability 
of delivering a fetus vaginaliy. 
Having just seen how monitoring fetal weight or fetal growth in 
utero is of crucial importance in the diagnosis, prognosis and 
management of IUGR and diabetic pregnancies, one can understand why 
obstetricians have relentlessly sought techniques to accurately predict 
fetal weight and measure fetal growth. 
The traditional clinical approach to this problem and the most 
commonly used technique for monitoring fetal growth has been by 
palpation of the uterine fundus. The classic pattern of fundal growth 

32 
related to abdominal landmarks is well known and is documented in one 
8 
of the oldest obstetrical textbooks (Figure ll). This technique, 
however, may be grossly inaccurate especially at the upper and lower 
73 
extremes of expected size for dates. Loeffler found that in 2860 
predictions of fetal weight by uterine palpation his estimates were 
within _+ h^k grams in 19-9% of cases. On closer examination of his data, 
Loeffler was only within +_ ^5^- grams in 42.7$ of cases with birth weights less 
than five pounds, or in 19$ of cases where birth weights were greater 
90 
than ten pounds. Likewise, Ong and Sen were able to predict birth 
weights within one pound in 82.5$ or within eight ounces in 54.3$ of 
1001 estimates on 506 patients. Again, whereas in the six to seven 
pound birth weight range they had 92$ predictions within one pound, 
in the more crucial less than three pound range, only 42.9$ and in 
the greater than nine pound range only 35-3$ of estimates were within 
17 
one pound of actual birth weight. Jennison and Campbell were likewise only 
able to recognize by uterine palpation 33 out of 115 fetuses that were 
born small for dates. 
92 
Poulos and Langstadt developed a formula and nomogram for the 
prediction of fetal weight by measuring the volume of the uterus by 
physical exam from term pregnancies. Assuming the uterus to be best 
approximated as a sphere, they derived the following: 
Birth Weight ^ ^ = 1,870 + O.llD^ where D = the average of longitudinal 
"and transverse diameters of 
uterus in cm. 
64 
Their standard error was +_ 250 grams. Johnson and Toshach determined 
that birth weight was best predicted as a function of fundal height, 
fetal station, and maternal obesity: 

33 
BW =120 + [(M + S - 0 - 3*0 (5 • 52oz) ] 
oz oz 
■where M = funcial height from symphysis 
S = fetal station (-2 to +2) 
0 = 1 if the patient weighs more than 200 lbs. 
The standard error of their estimate in 200 cases was 350 grams. In 
both these studies it should be pointed out than only normal gestations 
were used. In no instance was birth weight less than 2500 grams or 
greater than i+500 grams. In addition these studies have not been proven 
prospectively. 
72 
These figures should be compared to the statment by Lind that if 
an observer guessed a fetal weight of 3.3 kg without even examining 
the patient, he would be within h^h grams of true weight in 70% of 500 
normal term pregnancies. 
63 33 
In 1936 Jacobs and in 1956 Donaldson and Cheney utilized 
x-rays to determine fetal BPD and cephalic volume. Both found 
correlations with gestational age and fetal weight, but the risk of 
repeated radiation exposure to both fetus and mother has negated the 
usefulness of x-ray measurements in fetal weight prediction. 
Biochemical tests of steroidal and peptide hormones as 
well as enzymes have also been considered in an attempt to monitor fetal 
101 
growth. Shearman attempted to relate maternal urinary pregnanediol 
excretion to fetal development and weight. In a study involving 378 
measurements on 51 normal gestations, he found a wide range of weights 
associated with each level of pregnanediol. The correlation was 
significant R = .5337 and P < 0.01, but individual relationships 
were not clinically useful (Figure 1LA.). Frandsen and Stakeman^ 










Fig. 11 Gestational age as assessed by fundal height 
(From: Queen Charlotte's Textbook of Obstetrics. 
Edited by J.S. Tomkinson, E.A. Churchill, 
12th Edition, London, 1970, p. 77-) 
cn 
' Pregnanedioi mg per 2b hr 
Fig. 11A Pregnanedioi as a function of fetal birth weight 
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estriol excretion and fetal “birth weight (Figure 12). In 1973 Masson 
established a relationship between maternal plasma estriol and fetal 
growth. This eliminated the need for 24 hour urine collections. 
^ T 
Contrary to this, Klopper and Billewicz found no correlation between 
urinary pregnanediol or estriols excretion with birth weight after the 
38th week of gestation. Although the use of estriols for fetal 
weight prediction are not very accurate, estriol levels as a measure 
of fetal well being have become very important in the management of 
diabetic gestations. 
Even less success has been had with peptide hormones. Since low 
levels of human chorionic gonadotropins (HCG) are found in late 
gestation, there is apparently no relationship with this peptide hormone 
and fetal weight. Human placental lactogen (HPL) also known as Human 
Chorionic Sommatomamotropin (HCS) levels are often used as a measure 
of the functioning of the fetal placental unit. Josimovich D::> estimated 
that the secretion rate of this hormone is constant with respect to 
placental size throughout pregnancy at 0.5 grams HPL/lOOg placental 
tissue/24 hours. HPL has been useful in the detection of fetuses at 
.... . , , . , 0 105, ,106* 107 ,, 
risk m toxemia or nypertensive gestations. Spellacy has been able to 
determine a fetal danger zone (FDZ) of HPL production which has been 
used to predict prospectively fetal death in 13 out of 17 cases of 
toxemia. There was, however, very little correlation of low HPL 
levels with birth weights. In these cases, HPL's of less than 4 g/ml 
were associated with birth weights from 500 to 4000 grams. This result 
is not surprising as HPL is a measure of acute placental function and is 





















42 Fig. 12 Fetal weight as a function of 24-hour urinary oestriols 
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As of this time, despite much work, there has teen no correlation 
of alkaline phosphatase, diamine oxidase, or oxytocinase with fetal 
weight, although there is some link of these enzymes with fetal 
prognosis. Shah?'^reported that peptide hound hydroxyproline levels in 
amniotic fluid increase in first and second trimesters with fetal growth 
and, therefore, may he useful in predicting fetal weight during this period. 
There is, however, no correlation in the third trimester. Other amniotic 
fluid constituents such as creatinine, hiliruhin, fat staining cells 
and the lecithin/sphingomyelin ratio have "been very useful in 
determining fetal maturity hut have not heen of much assistance in 
predicting fetal weight. 
Practically since its inception into obstetrics, researchers 
have tried to use ultrasonic measurements to predict hirth weight. 
It would make sense that direct measurements of fetal size would 
correlate better with fetal weight than indirect measurements of 
fetal size, such as uterine volume or assays for placental hormones. 
The earliest works concentrated on using fetal cephalometry 
either a biparietal diameter (BPD), occipito-frontal diameter (OFD), 
head circumference (HC),or head area (HA) to predict fetal weight, 
since it was the most precise and easiest measurement with available 
131 
techniques in the mid 1960’s. Willocks found that using fetal 
BPD measurements, he could predict hirth weights within 4-54 grams in 
5I). 
67% of cases. Heilman in 1967 measured the BPD, OFD, HC and BW 
with calipers and tape measure on 489 newborn infants of varying gestation. 
From this data he determined that hirth weight had a linear relationship 
with head size and derived the following relationships: 
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BW = BPD*772.2 - 3973.8 r = .72 
BW = OFD*604.5 - 3733.8 r = .67 
BW=HC*262.3 - 5863.6 r = .78 
Using these formulas he prospectively estimated birth weights 
in 88 more cases. His overall absolute mean error was 360 grams. 
115 69 62 
Similarly Thompson, Kohorn, and Ianniruberto tried to 
either establish their own formulas to predict birth weights, or using 
Heilman’s formula to prospectively predict birth weights from BPD's. 
They found that although their precision in measuring BPD was I.69 mm 
their birth weight predictions were within +_ 484 grams , _+ 490 grams, 
7 
and +_ 368 grams respectively. Bartolucci introduced the concept that 
BPD had an allometric rather than linear relation with birth weight. 
With this technique, he developed an equation with a correlation of 
123 
r = .91T* Varma was able to predict birth weights by BPD with a 
mean error of 278 grams in 200 normal gestations and within 302 grams in 100 
17 
SGA fetuses. In the largest study using BPD, Campbell assessed the 
predictive value of a single BPD reading in 781 patients of which 211 were 
less than 2500 grams and 23 were over 4000 grams. His standard deviation 
of 405 grams was comparable to that of his predecessors and not much 
better than using abdominal palpation in appropriate-sized infants. This 
standard deviation was markedly better than abdominal palpation, however, 
at the high and low extremes for birth weight. The disappointing 
results of cephalometry alone in predicting birth weight is not 
surprising, as head measurements alone do not give the total 
picture of fetal body size. We have just seen two examples, IUGR and 
the macrosomia associated with diabetic gestations, in which there is 
distinct fetal head-to-body disproportion. A normal size head attached 
to either a withered or endomorphic body. One would expect a growth 

39 
retarded and macrosomic fetus both with BPD’s of 9-0 cm to have very 
62 
different birth weights. In Ianniruberto's data, 9*0 cm BPD’s had 
actual birth weights ranging from 2552 grams to H65O grams. Despite 
this, he concluded that a BPD of 8.7 or greater was associated with a 
birth weight of over 2500 grams in 100% of cases. From this data, it was 
concluded that a BPD of greater than 8.7 would be diagnostic of fetal 
maturity (Table IV). 
It would seem reasonable that birth weight predictions could be 
improved by measuring other fetal body parameters, and as skill and 
technology improved, more emphasis was placed on fetal thoracic or 
abdominal measurements. Thompson'1''^5 measured the BPD, anterior- 
posterior and lateral chest diameters in 1079 newborns. He concluded 
that although BPD and chest diameters were almost equally well 
correlated to birth weight, the precision of birth weight predictions 
were markedly improved by combining the BPD and AP chest diameter in 
a single predictive equation (Table V). Adding the lateral chest 
diameter did not add to the precision. 
53 
Hansman performed a similar study. He also concluded that 
a combination of thoracic and head measurements improved the 
predictive accuracy of birth weight estimates over either BPD or 
T Pi 
thorax measurements alone. Lunt and Chard felt that weight was 
better approximated by areas rather than diameters and concluded that 
skull and thoracic area measurements (STAM), at level of mitral valve, 
was the best predictor of fetal weight (Table V). 
Others have found thoracic measurements difficult to obtain and 
lacked the necessary precision and reproducibility. They claimed 
that the thoracic perimeter was not well defined ultrasonically and 
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Campbell recognized the importance of identifying the umbilical vein 
or fetal stomach as landmarks for abdominal measurements. This 
53 
concept has been accepted by others (Table VI). Hansmann criticizes 
that abdominal measurements are inaccurate because they vary with 
the abdominal excursion associated with fetal respiratory activity. 
As is apparent from Table VI, the claimed accuracy is greatly improved. 
Other workers chose to combine head and body measurements. 
137 103 
Both Ylostalo and Shillinger report improved accuracy by 
using a head and body measurement (Table VII). Shillinger’s results 
agree with hunt and Chard that the best prediction can be made 
using areas rather than linear measurements. 
91 
Picker agreed with the need for multiple measurements for 
fetal weight predictions. He felt that the fetal weight could be 
best calculated by measuring its volume. In this case, he assumed the 
fetus to be composed of five cylinders, a body cylinder and four limb 
cylinders. His final formula used 1.067g/cc as the specific gravity of a 
fetus: 
BW = 1.067 (vRp H^ + 1ttr| Hg), where R]_ = BPD/2 
H-^ = Distance from tip 
of fetal head to bladder 
Rg = Radius of thigh 
Hg = Length from hip to knee x 2 
In 50 cases his standard deviation was 200 grams. In I5 cases his 
predictions were within LOO grams. Although theoretically Picker’s 
cylindrical model would seem to be the most precise, his accuracy was 
decreased due to the inaccuracy inherent in each ultrasound measurement 
compounding itself. 
110 
Suzuki felt that the most easily measured fetal parameter was its 
heart volume and related fetal weight to BPD and heart volume at first 
- 
TABLE VI 
Birth Weight Predictions from Abdominal Circumference Measurements 
Cases Error 
Campbell (1975) ilo logeBW = -1,561 + .282AC - .00331A.C2 S.D. +$.1% 
Higgenbottom (1975) 50 BW = .0816 AC3 S.D. +?7.3 g 
Kurjak (1976) 280 3W = f (AC) S.D. +105 g 
TABLE VII 
Birth Weight Predictions from Combined Head and Body Measurements 
Cases Error 
Ylostalo (1971) 133 BW = 1.87 (BPD)J S.D. +313 
133 BW = 3.17 (BPD)3 + .16 (Body height) 
(Body AP Diameter) (Body Lat. Diam.) S.D. +317 
Schillinger (1975) 108 BW = f(BPD) Mean 132 
BW = f(Head Circumference) Mean 366 
BW = f(Head Area) Mean 351 
BW = f(A-P Abdominal Diameter) Mean 371 
BW = f(Lateral Abdominal Diameter) Mean 390 
BW - f(3ody Height) Mean 313 
3W = f(Boay Circumference) Mean 293 
BW = f(Body Area) Mean 296 
BW = f(BPD, A-P Abd. Diameter) Mean 302 
BW = f(Head Circumference, Abd. Circ.) Mean 2l9 
BW - f(Head Area, Abdominal Area) Mean 233 
Picker 2s Saunders 
(1976) 
50 BW - f(BPD, Body Height, Thigh Diameter, 
Limb Length) S.D. +200 

independently and then combined in h6 cases ranging from 30-Ul weeks 
gestation within 20 days of delivery (Table VIII). 
These results were disappointing in the prediction of birth 
weight but not surprising since the experience at Yale is that heart 
volumes are very difficult to reproduce. Suzuki, however, concluded 
that heart volume could be used to determine gestational age (r = .62) 
and that a heart volume of greater than 30 cc's was diagnostic of fetal 
113 
maturity. Thompson reported that birth weight was not well correlated 
with placental weight in third trimester with r values between .5 and .6. 
W 1*8 , 
Gohari, et al, ’ measured total intrauterine volume (TIUV) by 
ultrasound for the diagnosis of IUGR. He alluded to the possibility of 
TIUV measurements correlating well with fetal weight. 
Still, with all the work in the past on this subject, there have 
been many flaws. Many workers encompassed less than 50 cases and 
these findings have not been statistically validated. Other workers 
only used term fetuses of normal weight. There are not enough 
cases of birth weights less than 2500 grams or greater than i+000 grams. 
Also, very few of these works were able to prospectively confirm 
their retrospectively derived curves and formulas. In addition, 
workers have used varying types of statistics to analyze their data so 
that comparisons between workers are difficult to make. There is still 
no agreement regarding which parameters to measure and the best method 
to estimate fetal weight. 
The author has attempted to briefly review the principles of 
ultrasonics and its uses as a diagnostic tool in medicine and obstetrics. 
The importance of determining in utero fetal weight and growth has been 
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In the Perinatal Unit of the Yale-New Haven Hospital, outpatients 
are routinely monitored by ultrasound throughout gestation using an 
ultrasonograph with a gray scale scan converter (Picker Electronics, 
Northford, Connecticut] calibrated to a velocity of sound in soft 
tissue of 15^0 meters per second. 3-5 MHz and 2.25 MHz transducers 
(Aerotech Corporation, Lewistown, Pennsylvania) were used in 
second and third trimester examinations respectively. Polaroid 
photographs were obtained and measurements were made using standard 
calipers and map readers (Dietzgen Co., Switzerland) with necessary 
calibration factors determined daily. All scans and measurements 
were performed by the author or other physicians in the Perinatal 
Unit skilled in ultrasonography. 
In the ultrasound department of Queen Charlotte's Institute 
of Obstetrics and Gynaecology, London, United Kingdom, under the 
supervision of Dr. Stuart Campbell outpatients are also routinely 
monitored ultrasonically. At this institution a Diasonograph Ul02 
and Diasonoscope (Nuclear Enterprises Ltd., Edinburgh, U.K.) with 
gray scale scan converter was used. The instrument was also 
calibrated to a velocity of sound for body measurements at 15^+0 
meters per second. All measurements were taken with a 2.5 MHz 
transducer. Head diameters were measured with A-mode electronic 
calipers calibrated to 1600 meters per second. Body measurements 
were made with a standard hand-held map reader off Polaroid 
photographs made from the B-mode display. These scans were performed 

by either Dr. Campbell or certified radiologists. 
Five series of patients were studied. Group I consisted of eighty- 
five patients studied at Yale-New Haven Hospital who were scanned within 
U8 hours of delivery. These included U8 patients having repeat 
cesarean sections and elective inductions, 11 diabetics. Classes 
A, B, and C, U pre-eclamptics, five with suspected IUGR and 7 patients 
referred for second trimester abortions. Group I was used to 
retrospectively develop nomograms and predictive equations for birth 
weight. 
Group II consisted of 32 patients scanned within seven days of 
delivery at Yale-New Haven Hospital. This information was used to 
prospectively verify the predictive equations developed from Group I. 
Group III consisted of 170 normal patients scanned at Yale- 
New Haven Hospital from which 177 measurements of AC and ihh measurement 
of TIUV were made. From this data, normal growth curves for both 
TXUV and AC were constructed. The gestational ages of this group 
ranged from l6 to h2 weeks. 
Group IV consisted of 95 abnormal gestations scanned at Yale-New 
Haven Hospital from which 119 measurements of TIUV and AC were made. 
This data was compared to normal curves generated from Group III. Group 
IV consisted of 30 Class A diabetics, 4 Class B diabetics, 13 Class C 
diabetics, 2 Class D diabetics, 25 with suspected IUGR, 10 measurements 
on twins, 7 with chronic hypertension, 2 with post dates, 5 with 
erythroblastosis fetalis, k on methadone maintenance, h pre-eclamptics 
and 2 with spontaneous rupture of membranes. Gestational ages varied 
from 16 to k2 weeks. 
Group V consisted of lUo normal gestations scanned at Queen 

Charlotte's Institute of Obstetrics and Gynaecology. One hundred forty 
measurements of BPD and abdominal circumference were made from this group 
as veil as 6b measurements of head circumference. Seventy-one patients 
were studied vithin 72 hours of delivery, vhile all lHo cases were done 
vithin seven days of delivery. Gestational ages ran from 31 to b5 weeks. 
The following ultrasound determinations were performed using the 
following techniques. 
a. Biparietal diameter (BPD). Multiple scans were performed at 
right angles to the longitudinal axis of the fetus until a picture was 
obtained of an elliptical shapred skull with a clean midline echo and 
clearly discernible lateral ventricles (Ultrasonographs 1, 2, and 3). 
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Using mechanical calipers at Yale-New Haven Hospital or A-mode 
electronic calipers at QCXOG, BPD measurements were made from the 
outer edge of the anterior skull wall to the inner table of the posterior 
skull wall. Multiple scans were photographed and the BPD measurements 
were averaged as appropriate. 
b. Abdominal circumference (AC). After ascertaining the lie of 
126 
the fetus and locating the fetal aorta or spine (Ultrasonograph 4), scans 
were performed at right angles to these structures until the umbilical 
vein or the fetal stomach could be clearly visualized within a circular 
abdomen (Ultrasonograph 5)« The abdominal circumference was then 
measured with a hand-held map reader. The final reading was an 
average of at least three determinations. These measurements were 
done on all patients at YNHH and QCIOG. 
c. Total intrauterine volume (TIUV). TXUV was performed according 
U8 
to Gohari, et al. On sagittal scanning, measurements were obtained 
of the longest and thickest dimensions of the uterus (Ultrasonograph 6). 

50 
3 2 1 
Ultrasonograph 1^7 
Technique for Finding Biparietal Diameter 
Multiple scans are performed at right angles to the longitudinal 
axis of the fetus until a picture is obtained vith a clean midline 
echo and clearly discernible lateral ventricles 
P - Placenta 





Gray scale photograph of fetal BPD (on right) with clear 
midline-echo and lateral ventricles. 
Placenta occupies anterior and fundal portion of uterus. 




Gray scale magnification photograph of fetal BPD with 






Gray scale photograph of longitudinal lie of fetus with 
head on right. Fetal aorta with branching of great 
vessels clearly seen confirming proper orientation of scan 
57 Ultrasonograph 5 
Gray scale photograph of transverse section of fetal 
abdomen on left with umbilical vein at 3:00 and fetal 
stomach at 6:00. Placenta is anterior with fetal limbs 
in amniotic fluid. Picture is suitable for determining 
fetal abdominal circumference. 
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A transverse scan was performed at the point of the greatest uterine 
thickness and the largest measurement between uterine side walls was 
recorded (Ultrasonograph Tl« The TIUV was calculated from a formula 
appropriate for an ellipsoid. 
TIUV = U/3 TTdL/2 • dj/2 • dD/2 or 
= .5233 * longitudinal uterine diameter • transverse 
diameter • A-P diameter 
(Equation 7 ) 
These measurements were performed only on Yale-New Haven Hospital patients. 
d. Head circumference (HC). The lie of the fetus and the angle of 
inclination of the fetal head to the vertical axis is ascertained 
by repetitive scans. Transverse scans are made with the transducer tilted 
to this angle until the midline echo and BPD are located. Then the angle 
of scanning with respect to the axis of the fetus is slightly altered 
until the head appears ovoid and echoes from the third ventricle are 
21 
detected in the midline, one-third of the distance from the synciput. 
Each of the above measurements made at Yale was performed in most 
cases by at least two different examiners and interpreted by two 
different readers without knowledge of the other's findings. 
In the Yale measurements, two types of errors were determined. 
First, the '’technique error" was obtained by comparing the results 
of two ultrasound examinations on the same patient performed and 
interpreted by different individuals. Second, "reader error" was 
determined by comparing the results of different readers interpreting 
126 
the same set of ultrasonographic pictures. 
Each of the 85 patients of Group I was delivered within U8 hours 
of the ultrasound examination. After delivery, the birth weights (BW) 




Longitudinal scan for longitudinal 
and AP diameters of uterus 
Ultrasonograph 7^® 
Transverse scan for transverse 
and AP diameters of uterus 
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by the author. Each of the lUO patients of Group V was delivered within 
seven days of ultrasound examinations. Birth weights were recorded at 
the time of delivery. Gestational ages were assessed by a Dubowitz 
examination? 
Statistical analysis was performed using and IBM 370/158 system 
at the Yale University Computer Center employing the BMDPlR, BMDP2R, 
and "Fournival’s All Possible Regression” statistical packages. Using 
these programs, multiple linear regressions were performed relating 
the independent variables, AC, TIUV, and BPD in Group I and AC, HC, 
and BPD in Group V to each of three dependent variables, birth weight, 
the logqgBW, or square root of BW. After the best dependent variable 
was determined, the independent variables were then compared, first 
f 
individually as linear terms, then individually as linear, squared, 
and cubic terms, and finally as combinations or cross products up 
to the cubic terms of these independent variables. 
Computer support was also used in the preparation of birth weight 
tables (see RESULTS). AC and TIUV growth curves were prepared with the 





Of the 85 fetuses studies, 22 were below 2.5 kg and five were above 
k kg birth weight. Birth weights ranged from 17^- grams to U76O grams. 
The gestational ages varied from 17 to Ul weeks. Biparietal diameters 
ranged from 3-5 to 9*9 cm. Abdominal circumferences ranged from 11.8 
to 38.2 cm, and the TIUV ranged from 836 to 7586 cm3, ike distributions 
of these measurements are shown in Figure 13. 
The average absolute difference between abdominal circumference as 
measured by ultrasound and the AC measured after birth was 1.07 cm or 
3.3$ (0.0$ - 9-6%} with 95% within 2.5 cm of predicted values. The 
distribution of this error is seen in Figure lU. 
Our statistical analysis showed that in all cases the independent 
variables were best correlated to the log^gCBW) as the dependent 
variable (Table IX). 
Of the linear independent variables, the log^gBW was best correlated 
with AC, then BPD, and finally TIUV. The respective multiple R^ values 
of the regression were .9509> .92475 and .5917 (Table XA). As shown 
in Table XB, better fits were obtained employing the squared and cubic 
terms of each independent variable (see Equations 8 and 9)* In the 
final linear regressions, combinations of the independent variables, 
cross products, up to cubic terms were employed using either two 
(Equation 10) or three (Equation 11) ultrasonic measurements with still 






























Distribution of Error in Measuring Abdominal Circumference 
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The best fit using only the 3PD measurement was: 
log10(BWl = -1.5256 + .2^5 CBPD) - .282(BPD)3/1000 (Equation 8) 
with multiple R^ = .9530 and a standard error of the estimate of l63-5g/kg 
fetal weight. The abdominal circumference provided the best fit using 
only one ultrasonically measured parameter: 
log10(BW) =-1.8367 + .092(AC) - .019(AC)3/1000 (Equation 9) 
with multiple R^ = .9668 and standard error of the estimate = 137g/kg 
fetal weight. The best fit using the two best ultrasonically measured 
parameters yielded: 
iog10tBW) =-1.71*92 + .l66(BPD) + ,0U6(AC) - 2.6U6(AC)(BPD)/1000 
(Equation 10) 
with multiple R“ = .980U and standard error of the estimate = 106g/kg 
fetal weight. When all three variables were used, the best fit yielded: 
log10(BW) =-1.5086 + .23UCBPD) + .030(TXUV) + .006(AC)3/1000 - .596(bpd)3/ioqo 
(Equation 11) 
with multiple R^ = .9802 and the standard error of the estimate = 108g/kg 
fetal weight. It is of note that Equation 10 is statistically as accurate 
as Equation 11 and elminiates the need for measuring the TIUV. 
At best, the above calculations are cumbersome to manipulate, and 
one would not expect a clinician to be able to work through these 
equations. This problem has been solved, because with computer assistance 
charts with the computations already performed have been made so that 
the clinician has only to measure the desired parameters, and the 






Computer generated table 
on the 85 cases of Group 
for estimation of fetal 
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has been solved for BPD's from 3-1 to 10.0 cm and AC’s from 15*5 
to 40 cm. Diagram 1 is a plot of the estimated birth weight from 
Equation 10 against the actual birth weights in these 85 cases. 
In a similar fashion Equation 11 has been solved with the same 
BPD and Ac limits and with TIUV ranging from 1000 cc to 6000 cc. 
This data is not included because it is too bulky to include in this 
work. Copies can be obtained, however, from the author. Equations 
8 and 9 have also been solved with computer assistance for a wide range 
of data with 95% confidence limits. This is seen in Tables XII and XIII 
respectively. 
The absolute mean "technique error" in 69 comparisons of TIUV was 
249.5 cc, and the average percent error was 7-7% (0.5%-21.5%)• 72.5% 
of errors were less than 10%. The absolute mean "technique error" of 
abdominal circumference measurements in 54 cases was 1.06 cm or 4.01% 
(0.0%-l6.5%)• 71% of comparisons had an error less than 5%* The 
absolute mean "reader error" for TIUV in 36 cases was 190.7 cc 
or 6.15% CO.5%-19-9%) with 86% of errors less than 10%. The absolute 
mean "reader error" for 27 cases of AC was .91 cm or 3-36% (0.3%-8.5%) 
with 78% less than 5% error. The distribution of these errors are shown 
in Figure 15. 
As shown in Table XIV the average errors were greater in the third 
trimester than in the second trimester due to the larger AC’s and 
TIUV’s measured in later gestations. The percent errors are slightly 
greater in the second trimester than the third, perhaps due to the 
























































































































■5 S T I MATEO £ ? T A L W c [ G H T S ***** STD. OSV.a * DR - IE’.S'm/KG 3w 
L0G<9W)a -1.5254 <• .2*.5<3PO) - . 23213P031 /1000 
5t- 
djb j;T4i_ 2!.5-P£»C=NT 97 .J-PEPCHNT 
Cli-ETER CF. L I-r T ME AN If. limit 
3.1 114 168 221 
3.2 120 177 234 
3.3 127 - 187 247 
3.^ 134 197 26 L 
3.5 141 203 275 
3.6 149 220 291 
3. 7 153 232 307 
3.3 166 245 324 
3.9 175 253 341 
4. 0 185 273 3 60 
4.1 195 238 330 
4.2 206 3 03 401 
4.3 217 3 20 422 
4.4 229 337 44 5 
4. 5 241 355 469 
4.4 2 54 374 495 
4.7 263 395 521 
4. 3 232 416 549 
4. 9 297 433 573 
5.0 313 461 609 
5. 1 330 485 641 
5.2 3 47 511 675 
5.3 365 533 710 
5. 4 384 5 66 747 
5.5 404 595 735 
5.6 425 626 37 7 
5.7 447 o53 369 
5. 3 '470 692 914 
5.9 494 727 960 
6.0 519 764 1009 
6. 1 545 803 1060 
6.2 573 343 1114 
6.3 602 ' 885 1169 
6.4 631 9 29 1227 
6.5 663 9 76 1233 
6.6 695 1024 1352 
6.7 729 1074 1418 
. 6.5 765 1126 v 1487 
6.9 302 1181 1559 
7. 0 34 L 1237 1634 
7.1 331 1297 1712 
7.2 923 1358 1794 
7.3 966 1422 1373 
7.4 1012 1489 1967 
7. 5 1059 15 59 2053 
7.6 1103 1631 2154 
7.7 1159 1706 2253 
7.3 1212 1784 23 56 
7.9 1247 136 5 2463 
3.0 1325 1949 2574 
3.1 1334 —- — 2037- 2639 
3.2 1445 2127 7809 
3.3 1509 2221 2933 
3.4 1575 2313 3061 
3.5 1644 24 19 3194 
8 .6 1714 2523 3332 
3. 7 1788 26 31 3474 
3.3 1363 2742 3621 
3.9 1 = 42 2353 3774 
9.0 20 23 29 77 3 9 j L 
°.l 2106 3100 4093 
9.2 2192 3227 4261 
9.3 2231 3357 4433 
°.4 2373 3492 4612 
9.5 2467 3631 479 5 
9. 6 2565 3774 49 34 
9.7 2665 3922 5173 
9.3 2763 40 73 53 79 
9. 9 2373 4229 5534 




E S T I M A T 
LOG()= -L 
E D = c 7 A L WE 
.8367 + .0921 AC >-.01 
\ G 4 T S 
9t AC 3 ) / 1000 
STD. DEV.= + OR - 137.GGM/KG 
A800MIMM 
PC UWPERENCE 5 
•jj t-oi:;CFWt 
* CF. LI MIT MEAN 
S'7 »5-R£F CENT 
C F. LIMIT 
15.5 241 330 413 
16.0 264 3o J 457 
16. 5 285 354 50 0 
17.0 314 430 546 
17.5 343 4o 9 595 
18. 0 3 73 5 11 648 
13.5 406 5 55 705 
19.0 441 603 766 
19. 5 479 655 831 
20.0 519 7 10 900 
20.5 562 766 974 
21.0 607 830 1053 
21.5 655 39c 1137 
22.0 706 966 1225 
22. 5 760 1039 1318 
23.0 317 1117 1417 
23.5 876 1198 1520 
2 a. 0 939 L284 1629 
24.5 1004 1373 1742 
25.0 10 73 14 o5 1360 
25. 5 1144 1564 1984 
26.0 1217 lb o 4 * 2111 
26.5 1293 176o 22 43 
27.0 1372 1376 2330 
27.5 1453 19 3o 2520 
2 3.0 1536 2099 2663 
2 8.5 1620 2215 2310 
29.0 1 T06 2332 • 2959 
29.5 1743 2452 3110 
30.0 1331 25 72 3262 
30. 5 1959 2592 3415 
31 .0 2058 23 13 3 569 
31.5 2146 2933 372 1 
32.0 2233 3052 3872 
32.5 . 2318 3170 4021 
3 3.3 240 2 32 34 416 6 
33.5 2434 3396 4303 
34.0 256 2 3503 A44A 
34.5 2633 3 b Jo 4574 
35.0 2709 3704 46 9 3 
35.5 2776 3795 4814 
36.0 2333 3 8 6u 4921 
3 6.5 28 9 4 3957 5019 
37.0 2C45 402b 5107 
37.5 2589 4 j 36 5183 
38.0 3026 4-137 5243 
33.5 3056 4178 5300 
39.0 3079 42 u9 5339 
39.5 3094 4229 5365. 



















































































































In the prospective study of 32 cases, gestational ages varied 
from 3i+ weeks to Ul weeks, BPD’s ranged from 8.0 cm to 9*9 cm, AC’s 
from 23-8 cm to 38.6 cm’s, and BW’s from 15^8 g to ^530 g. The absolute 
mean error in birth weight predictions was 228 grams (20-539 grams) or 
8.0% (0.8-2U.3). Seventy-eight percent of our estimates fell within 
10% of actual birth weights as expected from our statistical analysis. 
Diagram 2 is a plot of the estimated birth weight from Equation 10 against 
the actual birth weights in these 32 cases. 
Group III 
Of these 177 cases, gestational ages (GA) ranged from l6 to k2 
weeks. Eleven percent of readings were in the second trimester. BPD’s 
ranged from 3.2 cm to 9*9 cm. Abdominal circumferences varied from 10.2 cm 
to 40 cm. The TIUV’s ranged from 382 cc to 6221 cc. The distribution 
of these measurements are shown in Figure l6. 
To determine the abdominal circumference growth curve, linear 
regressions were performed with the abdominal circumference as the 
dependent variable and gestational age as the independent variable. 
After various mathematical manipulations, it was found that the 
abdominal circumference was best correlated as a logarithmic function 
of gestational age and that the correlation was improved using higher 
order terms of GA. Terms greater than cubic were discarded by 
the computer as being redundant or statistically insignificant. The 
best fit yielded the following equation: 
log10(AC) = .6718 + .027(GA) - .32(GA)3/l0,000 (Equation 12) 
2 
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After the regression was found, a plot was made "by the Calcomp 
plotter of the means and +_ 1 standard deviations. In addition, the 
scatterogram of data was placed on the plot (Figure 17)• 
Likewise uterine volume proved to he a logarithmic function of 
gestational .age. The best fit yielded the following equation: 
log10(TIUV) = -.8861 + .0U6(GA) - .056(GA)3/10,000 (Equation 13) 
with a standard deviation of 23. W and a multiple R^ of .7758* As with 
the abdominal circumference, plots were made of this equation with +_ 1 
standard deviation. The scatterogram of the lbh cases were superimposed 
on this plot CFigure 18). 
Group IV 
In these 95 cases gestational ages varied from 16 to b2 weeks. 
Biparietal diameters ranged from 3*3 cm to 9*8 cm. Abdominal 
circumferences varied from 11.3 cm to 35*5 cm and the total intrauterine 
volume ranged from 622 cc to 97b6 cc. The distribution of these 
measurements are shown in Figure 19. 
The measurements of AC and TIUV were then superimposed upon 
the growth curve plots generated from Group III. In Figures 20A and B 
the Class A and B diabetics are highlighted against the normal growth 
curves. It can be seen that the distribution of AC's fall within the 
expected distribution for normal fetuses. The TIUV's for these cases 
show an increase with respect to gestational age over normal distribution. 
Likewise, Class C and D diabetics are superimposed on Figures 21A and B. 
In this case, although the TIUV's appear to fall within normal distribution, 






























































































































































































Distribution of BPD, GA, AC, and TIUV for 95 cases of Group IV 

Scatterogram of 95 cases of Group IV superimposed upon Normal Abdominal 
Circumference (Fig. 20A) and TIUV Growth Curves (Fig. 20B). Filled points = 






























































Scatterogram of 95 cases of Group IV superimposed upon normal abdominal 
circumference (Fig-, 21A) and TIUV growth curves (Fig. 21B). Filled points = 
Claiss"C Diabetes. Highlighted points = Class D Diabetes. 
O I 
Cj i 




rates. It appears that Class A and B diabetics show normal fetal growth 
with polyhydramnios while Class C and D show normal TIUV with a growth 
retarded infant. Those suspected of IUC-R are plotted against normals 
in Figure 22A and B. In this case, both AC and TIUV growth lags 
behind that expected at that time in gestation. The chronic hypertensives 
and pre-eclamptics are shown in Figure 23A and B. In this situation 
the TIUV appears to follow normal distributions, but the AC in chronic 
hypertensives falls below the normal distribution. With pre-eclamptics 
the AC appears to follow the normal distribution. The cases of twins 
and erythroblastosis fetalis are seen in Figures 2tA and B. Twinning 
shows normal AC's to 37 weeks accompanied by marked polyhydramnios. 
In the five cases of Rh incompatibility AC growth appears slightly 
decreased while uterine volume is slightly increased. 
In all these cases, more data must be collected to accurately 
follow the TIUV and AC growth curves in these various common 
pathological gestations. 
Group V 
Of the lUO cases studied, 19 were below 2.5kg and five were above 
Ukg birth weight. Birth weights ranged from lU80 grams to b6j0 grams. 
Gestational ages ranged from 31 to U5 weeks. Biparietal diameters 
ranged from 7*7 cm to 10.7 cm, abdominal circumferences from 25>1 to 
tO.^i, and head circumferences from 27-5 to 37 cm. The distributions 
are shown in Figure 25* 
In Dr. Campbell's ultrasound laboratory, they have found the 
standard deviation of three independent head circumference measurements 
taken in the third trimester to be 1.8 mm representing a 0.5% error. 
The standard deviation of three independent ultrasonic fetal abdominal 

80 
Scatterogram of 95 cases of Group IV superimposed upon normal abdominal 
circumference (Fig. 22A) and TIUV growth curves (Fig. 22B). Filled points = 




































































RBD. CIR. GROWTH CURVE 
- Fig. 23A 
Scatterogram of 95 cases of Group IV superimposed upon normal abdominal 































































4-4. CC 43.0? 52.00 
- Fig. 2LA -■ .... — 
Scatterogram of 95 cases of Group IY superimposed upon normal abdominal 
circumference (Fig. 2LA) and TIUV growth curves (Fig._ 2Lb). Filled points = 




















































circumference measurements was 2.95 mm representing a 1.0% error. 
The data was divided into four subgroups. Group VA included all 
lUO cases that were delivered within seven days of scanning. In the 
analysis of this data only BPD and AG were considered as Independent 
variables. Group VB a subset of Group VA was composed of 71 cases that 
were delivered within 72 hours. As in Group YA only BPD and AC were 
considered. Group VC consisted of 51 cases that were delivered within 
seven days of scanning. In this group BPD, AC, and HC measurements 
were available for statistical analysis. Group YD a subset of VC 
consisted of 22 cases that were delivered within 72 hours of scanning 
in which BPD, AC, and HC measurements were available for analysis. 
In the following analysis reference should continually be made 
to Figure 2.6. Of the linear independent variables the log^QBW was 
best correlated with AC, then BPD, and finally HC. This result was 
consistent in each of the subgroups. In most cases, better fits were 
obtained employing the squared and cubic terms of each of the Independent 
variables with the best correlation In all subgroups using AC, then 
BPD, and finally HC. In the final linear regressions, combination of 
the independent variables up to cubic terms were employed with still 
better results. This was consistent in all subgroups except YD. 
Because of the small sample size In subgroup D, statistical comparisons 
within this group and in comparison to the other subgroups should not be done. 
In comparing the results between Group VA with YB, it appears that 
the correlations are slightly improved when only measurements within 
72 hours are used. This trend, however, Is completely reversed when 




Statistical Comparison of Various Regressions Using Group V Data 
S.E. R2 S.E. R2 S.E. R2 S.E. R2 
Group VA 
N = l4o 
Group VB 
N = 71 
Group VC 
rr = 51 
Group VD 
n = 22 
log BW = f (AC) 111.8g/kg .6502 159g/kg .630 103 .6934 96 .6511 
log BW = f(BPD) 138.9g/kg • 5703 178 .596 138 .4453 146 .1839 
log BW = f (HC) 161 .248 156 .0756 
log BW = f(AC, AC2, AC3) 108.3 .6751 133 .7766 98 .7284 99 .627 
log BW = f (BPD, BPD2, 3PD3) 142 - U358 148 .7262 142 .4l8l 147 .1715 
log BW = f(HC, HC2, HC3) 162 .243 157 .0665 
log BW = f(BPD, AC) 103-5 .7025 142 .7431 97.5 • 730 93 .65 
log BW f(BPD, BPD2, BPD3, 
AC, AC2, AC3, 
BPDAC, BPD2AC, 
BPDAC2) 103-3 .7066 132 .7835 94.1 • 7543 101 .634 
log BW = f(HC,AC) 104 .6949 97 .6608 
log BW = f (HC, HC2, HC3, AC, 
AC2, AC3, HCAC, 
HC2AC, HCAC2) 99 .7285 95 .6743 
log BW = f(BPD, HC) 140 .446 150 .186 
log BW f (BPD , BPD2, BPD3, 
HC, HC2, HC3, 
BPDHC, BPD2HC, 
BPDHC2) l4o .4463 145 • 195 
log BW = f(BPD, AC, HC) 97.3 • 7378 100 . 66ll 
log BW f(BPD , BPD2, BPD3, 
AC, AC2. AC3, HC, 
HC2, HC3, BPDAC, 
BPD2AC, BPDAC2, 
BPDHC, BPD2HC, 
BPDHC2, ACHC, AC2H 
ACHC2) 
G, 
94.3 .7636 104 .6292 

86 
are smaller in Group VA than in VB. These trends are also seen in 
comparing Groups YC and YD. In this case, these trends are not 
complete, hut the small sample size in YD would Invalidate these 
comparisons. We could then conclude that the measurements within seven 
days are as applicable in this analysis as measurements taken within 
three days as judged by the standard errors. 
The best fits employing one ultrasonically measured parameter 
while using the largest possible sample size was: 
log1Q(BW) = -1.0U73 + .057AC - .10tAC3/lQ,000 N-lUO 
(Equation it) 
2 
with multiple R of .6751 and standard error of estimate 108.3g/kg of 
fetal weight. 
From Group VC, it is concluded that BPD and AC are the two best 
variables for estimating birth weight. In Group YD, AC and HC appear 
to have the better correlation with birth weight, but since these 
results are based on only 22 cases, we could conclude that the former 
combination provides the better fit. Therefore, the fit using 
the best two ultrasonically measured parameters on the largest data 
pool yielded: 
log10(BW) - -0.8653 + . 0^-5(AC)+ 3.386(BPD)3/10,000 - . 1+36(BPD) (AC)2/l0,000 
(Equation 15) N=lt0 
2 
with a multiple R = .7066 and a standard error of 103.3g/kg fetal 
weight. 
When all three variables were used, the best fit yielded: 
log (BW) = -1.3537 + .059(AC) + .009(HC) + 1.61+8(BPD)3/l0,000 - 




with a multiple R^ = .7636 and a standard error of + 9^-3 g/kg fetal 
O 
weight. It should he noted that both the multiple R and standard error 
for Equation 15 are better than that of Equation lU, but these figures 
should not be compared directly since Equation 15 is based on a much 
smaller sample size, 51 compared to lUo. On close examination of data 
for Group VC in Figure 26, very little is added to the accuracy or 
correlation by adding HC to the equation for birth weight. Diagram 3 
is a plot of the estimated fetal weight from Equation 15 against the 
actual fetal weight in these lUo cases. 
In a fashion similar to that undertaken with the data from Group I, 
Table XV has been prepared with Equation 15 solved for BPD’s from 3.1 
to 10 cm and AC’s from 15*5 to to cm. Equation l6 has also been solved 
with similar limits and HC’s from 15-0 to Uo cm. This Table has not 
been included in this work because of its size, but can be obtained 
from the author. Discrepancies between Table XI derived from the Yale 
data and XV derived from Dr. Campbell’s data can be observed. This can 
be partially attributed to the different speeds of sound used to calculate 
BPD’s in Group V than in Group I. In addition, the techniques in both 
AC and BPD measurements were slightly different as well as entirely different 
patient populations. All these factors can account for the differences 
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TABLE XV: Computer generated table for estimation of fetal veight based on 
the lUO cases of Group VA from Equation 15* 
^ co ‘Z ^ ' ^ ^ __ ___, — ^irurv*\jrvjoj(\jfNirsirs;cNJ^. 
se-^3>NC?«-i»s*9^eswiv- 522L--~'2555225?X5£E25 
N>f^^s.r^Nr*.^^C^w'CO^^'C'^0^'^"^'^'CO'0 »C *C O »<, >C >CO>w ^ __ —i rv rv r\/ (NJ rv*\j (V*vjfvj(\; 
o-loL-.^vr.'o^^rs,-ip3o>^','-jsos(i!cscsees = r-Nh-r-ros.-ru'd'cr^o'iC'—m 
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Our results shew that in both Groups I and V birth weight is 
best correlated as a logarithmic function of fetal body parameters. 
In Group I, AC was shown to correlate better with the log^BW than 
either BPD or TIUV, but birth weight estimations could be most precisely 
predicted using both AC and BPD together especially when higher order 
terms and their cross products are employed. The accuracy of our 
predictions has been shown to be within our standard deviation of 
106 g/kg fetal weight in our preliminary prospective study of 32 cases. 
In a similar fashion, in Group V, AC had the best correlation with the 
log BVT than either BPD or HC, and this correlation can be improved 
when AC and BPD were used together with their cross products and higher 
order terms. In this instance, the standard deviation is 103 g/kg 
fetal weight. The results of Group V confirm the results from Group I 
that AC and BPD are the best parameters for estimating fetal weight. 
It would be appropriate to make a fine technical point at this 
time in our discussion. At Yale, BPD, AC, and TIUV measurements were 
all performed with the speed of sound calculated to be 15^0 m/sec. 
At QCIOG, although KC and AC measurements were performed with a speed of 
sound at 15l0, BPD measurements were made with the speed of sound 
calibrated to 1600 m/sec. Campbell agrees that the speed of sound 
through, soft tissue best approximates 15^0 m/sec. He argues, however, 
that when BPD measurements are done, they are taken from the outer 
aspect of anterior head wall to inner aspect of the posterior skull 
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vail. This measurement does not account for the thickness of the 
posterior skull vail and the thickness of tvo layers of scalp. Campbell 
feels that hy increasing the calibration to 1600 m/sec, he accounts 
for these tissue thicknesses, and he then measures a BPD closer to 
reality. 
Because of the differences in calibration factors, in order to 
compare BPD’s measured at Yale vith those from London, the folloving 
Ul 
relationship should be used: 
BPDy = BPDl 15^0 
1600 
vhere BPD.y = Yale BPD measurement 
BPD^ = London BPD measurement 
The earlier ultrasonic studies concentrated on fetal BPD, since it 
provided the greatest ease of measurement vith the ultrasound equipment 
available in the mid 1960's. With increased skill and experience and 
vith improved technology, the emphasis vas changed to measuring fetal 
ll6 
body diameters. Thompson&Makovski reported their ability to predict 
17,25 
fetal veight vith measurements of the fetal chest. Campbell recognized 
the importance of identifying the umbilical vein or fetal stomach as 
a landmark for his measurements of fetal abdominal circumference. This 
concept has been accepted by others including the group at Yale. More 
recently, the use of multiple parameters for the prediction of fetal 
veight have been employed. It vould seem reasonable that measurements 
of various combinations of fetal body parts vould add greater accuracy 
and provide a conceptually pleasing geometric model. For example, 
56 
Higgenbottom conceptualized the fetus as a body sphere. Picker& Saunders 
felt that the fetus vas best approximated as a central body cylinder and 




using only the cross products of the skull and thoracic cross 
sectional area measurements (S.TAM). 
We have found measurements of the thorax to be difficult to 
obtain and reproduce because the outer margins are often not clearly 
discernible. We also feel that although precision theoretically can 
be enhanced by multiple measurements of fetal body, head, and limb 
cylinders, this type of analysis does not lend itself to a busy 
clinical service. On the other hand, it is relatively easy to obtain 
a measurement of the abdominal circumference since the umbilical 
vein is a consistently demonstrable landmark, and one can clearly 
discern the abdominal outline at this level. Today, it is also 
easier to accurately measure the BPD since it is now possible to 
delineate intracranial landmarks for orientation such as the lateral 
and third ventricles. 
In our study, in Group I we have subjected three easily 
obtainable parameters, BPD, AC, and TIUV, that were used in previous 
studies for the prediction of fetal weight to statistical analysis. 
Similarly, in Group Y with a different data set?we subjected BPD, 
AC, and HC to statistical analysis. We have found that birth weight 
is best correlated as a logarithmic function of the fetal body 
parameters. This seems reasonable as most growth curves are 
5 6 
exponential in nature. We also agree with Higgenbottom that a 
better correlation can be made with the use of higher order terms. 
Statistical analysis in both Groups I and Y reveals that the cubic 
term, representing fetal volume, adds greatly to the correlation when 
combined with squared and linear expressions. These cubic terms are 
\ 
9^ 
found in Equations 8, 9? 11, 12, 13 and l4. Furthermore, we found, 
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as did Picker and Saunders and Lunt&Chard, that measurements of 
more than one ps-rameter will improve the correlation with hirth weight. 
However, in both Groups I and V we found that an additional third 
parameter either TIUV or HC did not improve the correlation with birth 
weight. In the instance of TIUV, this may be because TIUV itself has 
p 
such a poor correlation with birth weight (R -.5917) and, therefore, 
would not expect to add much to the accuracy of birth weight predictions. 
For HC this may be due to the redundancy between BPD and HC, as both 
these parameters are actually linearly measuring the head size. One 
may have thought that the HC, taking in both the BPD and occipito-frontal 
diameter of the head, should have had the greater correlation with birth 
weight. This proved to be incorrect as the correlation of BPD to birth 
weight was better than that of HC. This may be due to the greater 
precision of the electronic caliper technique of measuring the BPD 
versus the mechanical map reader technique of the HC measurements. 
In addition, one could speculate that the third parameter, either the 
ones that were tested or any third parameter, for that matter, may not 
increase the accuracy of the prediction. This would be due to the 
inherent inaccuracy in each ultrasonic measurement compounding itself. 
The information gained from the second parameter more than offset the 
error introduced by a second measurement, but the information gained 
from a third variable was not adequate to offset the error from the 
additional measurement. 
Multiple variable linear regressions using all possible 
combinations of AC, BPD, and TIUV, their squared and cubic terms and 
their cross products yielded an equation employing BPD, TIUV, BPD3, and 
V 
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and AC^ (.see Equation 111. Other terms were eliminated as statistically 
redundant or insignificant. The authors would, therefore, like to put 
forth the concept that for the prediction of fetal birth weight the 
best geometric model employs cubic terms. This implies that contrary 
to the cylindrical model, fetal weight is best approximated by 
conceptualizing the fetus as a head sphere and a body sphere. 
When TIUV was not included in the analysis of Group I, a simpler 
equation, Equation 10, for birth weight was obtained. This regression 
line is statistically as accurate as Equation 11. TIUY alone at a 
given gestational age is very useful in the diagnosis of IUGR, 
but it does not add to the accuracy of birth weight predictions, as 
many other factors aside from fetal weight influence the TIUV. 
In a similar fashion, in Group VC when HC was removed from 
Equation 16, a simpler equation, with a better correlation to 
birth weight, was obtained. Equation 15 employed all ll;0 cases using 
BPD and AC as the independent variables. In the discussion to 
follow it will be seen that Dr. Campbell uses HC along with AC for 
the diagnosis of lUGRf^but, as with TIUV, the HC does not add to the 
accuracy of birth weight predictions. 
The error between pre and post-natal abdominal circumference 
measurements, although considerably greater than the error in BPD 
measurements, appears to be reasonable. With its first breath, the 
neonate’s lungs expand and the lowered diaphragms compress the 
abdominal cavity forcing the abdominal walls outward. The neonate 
also swallows large amounts of air, and after birth is under less 
external pressure than in its aquatic uterine environment. These 
■ 
9b 
factors help to explain the expanded fetal abdominal girth which 
126 
is measured after birth. 
There has been some controversy in the development of 
ultrasonically derived nomograms as to how long a time interval 
between the ultrasound examination and delivery should be tolerated. 
25 
In Campbell’s study he had all his patients deliver within 
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U8 hours of scanning. Suzuki included cases that were delivered 
up to 20 days after scanning. Since fetal growth even in benign 
gestations is quite variable, it would seem that the shorter the 
interval between scan and delivery the better. At term, a normal 
neonate may grow up to 250 grams per week. A growth retarded infant 
would tend to either gain very little weight of perhaps lose some 
weight. One would expect, therefore, that the greater the interval 
between scan and delivery the greater the error introduced by the 
splay of interim fetal growth. Suzuki's use of fetuses delivered 
20 days after scanning may account for his relatively poor 
correlation, R=.U5* 
In Group I all scans were made within i+8 hours of delivery, and 
our correlation was excellent R^ = . 980U. In Group V, data was combined 
so that Groups VB and D had only cases delivered within 72 hours of 
scanning, while groups YA and C included all patients scanned within 
seven days of delivery. Although the standard errors in Group VA were 
less than that of YB (.see Figure 26), the correlation, R , was greater 
in B than A. Ih comparing Groups VC and D, the correlation is consistently 
better in Group C. The comparisons of standard errors were equivocal. 
Comparisons of both standard deviations and correlations between 

97 
Groups A and B, and C and D are difficult "because each group has a 
different number of cases, which influences the statistical parameters. 
Only trends should be compared. From the data of Group I and V, it 
appears that the best correlation for developing nomograms was developed 
from data collected within 48 hours of delivery. The correlation of 
those groups collected within 72 hours were somewhat greater than the 
seven-day group, but not so great that this data was not useful. It 
would seem that for the prospective estimation of fetal weight from 
retrospectively derived data, measurements within a week would be appli¬ 
cable, although measurements within 48 hours would be preferred. 
With the data from Group III, we have been able to construct 
AC and TIUV growth curves establishing means and standard deviations 
2 
with very good correlations of R = .9509 and .7758 respectively. 
The TIUV growth curve resembles that of Gohari, et al.^® 
With the data from Group IV, we have compared these pathologic 
gestations with the normal growth curves constructed from Group III. 
It appears that Class A and B diabetics tend to have normal AC growth 
up to 37 weeks but show tendencies for polyhydramnios. Class C and D 
diabetics reverse this trend showing decreased abdominal circumferences 
growth with apparently normal TIUV's. It would seem that in Class A 
and B diabetics, growth is normal, but polyhydramnios may be the result 
of the hyperglycemic and possibly hyperosmotic fetal environment. 
In Class C and D fetal growth may be somewhat retarded. These results 
may reflect that the typical diabetic vasculcpathies and placental 
changes which occur in advanced diabetes and prevents the flow of 
nutrients to the fetus, does not occur in Class A and B diabetics. 
, 
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These changes become more apparent in the more advanced diabetics. 
In Class A and B, infants of diabetic mothers are placed in a 
hyperglycemic environment while in Class C and D changes in vessels 
and placenta decrease the nutrient supply to the fetus. 
It is not surprising that those fetuses suspected of IUGR fall 
below the mean expected AC and TIUV for gestational age. It is, 
however, too early to predict how far below the means would be 
48 
diagnostic of IUGR. Gohari reports that 100% of all fetuses 
with TIUV’s below -1 1/2 standard deviations of the mean have lUC-R. 
Those between -1 and -1 1/2 standard deviations fall into a 
so-called "gray zone" which may either be diagnostic of severe Type I 
symmetric IUGR or be associated with a normal sized fetus. It is 
premature to predict if our cases conform to his findings. 
It has been shown that the AC is an excellent predictor of fetal 
weight with an extremely high correlation. Since IUGR is defined 
as a weight below two standard deviations of the mean weight for 
gestational age, it would seem to imply that an AC below -2 standard 
deviations would correspond to birth weights below -2 standard 
deviations and would be an excellent predictor of IUGR. 
The cases of pre-eclampsia show normal AC and TIUV growth 
distributions. This is not surprising as pre-eclampsia is an 
acute process occurring over a period of hours or at most days. 
In these cases one could expect normal growth until the acute insult. 
This acute hypertensive pathology can be compared to the cases of 
chronic hypertension which shows a distribution considerably below 
the normal. This reflects slowed fetal growth potential from 
chronic fetal deprivation secondary to long standing hypertension. 
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Twins show normal AC growth with marked polyhydramnios up to the 37th 
week of gestation. These findings are consistent with that expected 
in twinning. We did not have any cases after 37 weeks gestation hut 
would have expected to see flattening of the AC growth curve after 
this point. With our cases of Rh incompatibility, we see slightly 
decreased AC growth with apparently increased TIUV. With only five 
cases, it would be premature to speculate as to the exact nature of 
fetal growth in erythroblastosis fetalis, but if this work is to be 
done, one must closely correlate fetal growth with AOD's and Rh 
antibody titers or other parameters of the disease process. 
Earlier it was stated that IUC-R and small-for-gestational-age 
infants have a significantly higher perinatal mortality and morbidity 
rate. The survivors may have severe neurological and physical 
handicaps for the duration of their childhood. It would seem likely 
that these handicaps may last throughout the individual's entire 
life span. This has not been proven, as the follow-up studies have 
not as yet been carried long enough. It, therefore, becomes very 
important to detect intrauterine growth retardation so that therapeutic 
modalities, although limited at this time, can be employed. Therapy 
such as bed rest in the lateral recumbent position and increasing 
maternal nutrition have been shown to restore falling estriols and 
9 
possibly improve fetal growth. 
The diagnosis of growth retardation has been difficult to make 
19 
correctly in the past. Campbell in 1972 in the regular obstetrical 
clinic of Queen Charlotte's Hospital was only able to detect by physical 
examination 33 (28.6%) out of 115 fetuses that at birth were small 
for gestational age. Campbell feels that this detection rate is 
' 
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inversely proportional to the number of different doctors examining 
the same patient throughout gestation ?-7 Campbell also feels that 
the detection rate would be significantly increased if patients 
at risk for growth retardation (see Page 25 ) attended special 
"high risk” clinics where specially trained physicians were 
available who would be keyed into the subtle changes of early IUGR. 
7U 
As mentioned, Low and Galbraith stated that only 52% of 182 IUGR 
cases had predictive clues to the diagnosis, such as pre-eclampsia, 
gestational diabetes, vaginal bleeding, or gestational infections. 
One-half of the 52% previously had a bad obstetrical history or had 
underlying pre-gestational disease. At Yale, high risk clinics and 
specially trained physicians are available, but other techniques are 
still necessary to aid in the detection of IUGR. 
Biophysical, biochemical, and ultrasonic techniques for 
13 41| 
detection of IUGR have been studied. Freeman ’ in Los Angeles tried 
to use the oxytocin challenge test for the detection of IUGR. Sixty- 
seven out of 390 patients followed had positive OCT's. Twenty-five 
(37-5%) of these 67 with positive OCT’s at birth, had intrauterine 
growth retardation. The false negative rate for this test was 10% 
or 32 of the 323 patients with negative OCT’s. The false positive 
rate for IUGR was 62.5%• Forty-two out of the 67 patients with 
positive OCT’s were not growth retarded. Although the selectivity 
as reflected by the false negatives of this test is good, the specificity 
or false positives of a positive OCT is poor for IUGR. 
105-108 
Spellacy showed that 60% of 70 IUGR cases had a level of 
human placental lactogen (HPL) of less than 6 g/ml, but this still 
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left a false negative rate of k0%. Spellacy did not comment on his 
rate of false positives. 
Brown and Beisher^ reported that in 2000 2U-hour urinary estriol 
levels performed on 597 cases, only 21$ of the low estriol group, 
defined as those less than the tenth percentile of normal, had IUGR. 
Although the selectivity of this test was very good with only 3.1$ 
false negatives, the specificity was poor with 79$ false positives. 
Although estriols appear to he a poor marker for IUGR, it is 
apparently a better technique than other biochemical assays such 
as human chorionic sommatomamotropin (HCS) and heat stable alkaline 
phosphatase. 
With these inadequate results, obstetricians then went to ultrasonic 
measurements for detecting IUGR. As with fetal weight predictions, 
the BPD was then first used as a marker for IUGR. 
With the advent of BPD growth curves, it was felt that a 
single BPD measurement below -2 standard deviations of expected BPD 
for gestational age could be useful for detecting IUGR. This 
technique was unreliable because in many cases the gestation did 
not have good dates. Without an accurate gestational age, a single 
BPD measurement was meaningless, as it was unclear whether the dates 
were correct and the fetus indeed had an inappropriately low BPD, 
or the maternal dates were off and the BPD was actually appropriate 
for gestational age. 
22 
Campbell in 1971 defined the technique of monitoring the 
fetal BPD growth rate for the detection of IUGR that was introduced 
130, 131 2k 
by Willocks. Previously Campbell and Newman had developed 
BPD growth curves CFigure 7) and also measured the weekly increment 
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in BPD size on 1029 measurements on normal gestations. From 13 to 
30 weeks the mean BPD growth, rate is 3-5 mm per week (see Figure 27) • 
From 30 to 34 weeks growth slows to 2.2 mm per week, and then it 
slows to less than 1 mm per week. They also developed the distribution 
of BPD growth per week. In a subsequent series of 406 at-risk cases, 
they were able to make weekly BPD readings and categorize BPD growth 
into normal (greater than tenth percentile), borderline (between 
fifth and tenth percentile), and retarded (less than fifth percentile) 
expected growth. He then compared these results to the eventual 
outcome of the pregnancy. The results are summarized in Table XV. 
By this technique, Campbell was able to detect 77 out of 105 
cases of IUGR, thus a 73% success rate which was a marked improvement 
over previous efforts. Still he had a 32.5% false positive rate and 
27% false negative rate. These false negatives are not surprising, 
as this technique is not designed to diagnose the asymmetric, head 
sparing, IUGR where BPD growth is not as significantly impaired 
as body and weight growth. Another source of error in this technique is 
in the precision of the BPD measurements. Campbell acknowledges an 
17 
error within 0.7 mm in 95% of BPD measurements. Others report 
93 
errors between 0 and 3.0 mm in BPD measurements. In any case, it 
appears that ultrasonic techniques are not refined enough to pick 
93 
up BPD growth in one week except in the most skilled hands. Queenan 
suggests that improved accuracy in the detection of IUGR can be 
obtained when serial measurements are made over a three to four week 
period when ejected BPD growth would be 7•8 and 10.4 mm respectively. 
117 
Turnbull maintained that estriols were still the best 
23 
way to detect IUGR. This prompted Campbell and Kurjak to 
- 
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A = MEM 
B = 10# LIMIT 
C = 5% LIMIT 
\BW 
BPD GROWTITX. NORMAL BORDERLINE IUGR TOTAL 
NORMAL 220 (83#) 22 (8#) 2b (9#) 266 
BORDERLINE 18 (69#) b (15#) b (15#) 26 
RETARDED 21 (18#) 16 (lb%) 77 (68#) ill; 
TABLE XV: Distribution of 
weight of fetus^ 
SFD growth with respect to birth 
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prospectively compare the efficacy of estriols and serial cephalometry 
for the detection of IUGR. Of 284 patients referred to a high 
risk clinic, 8j C31%) were growth retarded at birth. Sixty-five or 
75% of these 8? had retarded BPD growth rate. Forty-six or 53% of 
the 8? had 2+ abnormal 24-hour urinary estriols, while only 37 or 43% 
had 3+ abnormal estriols. The false positive and negative rates are 
shown in Table XVI. 
Although 3+ abnormal estriols is the test with the best specificity, 
it has the least selectivity. BPD growth appears to have the best 
selectivity with a good specificity. These results were confirmed 
122 
by Varma in 1973. 
Campbell, not satisfied with cephalometry for diagnosing IUGR, 
26, 134 
collaborated withWladimiroff and Dewhurst in investigating 
ultrasonically measured hourly fetal urine production rate (HFUPR). 
It was felt that HFUPR was indicative of fetal renal function and, 
therefore, related to fetal growth. With a control group of 92 
normal gestations, he showed weekly increments in HFUPR from 
9.6 ml/hr at 30 weeks gestation to 27*3 ml/hr at 40 weeks. They 
established the means and standard deviations at each week (see 
Figure 28). They then reported the results of prospectively trying 
to diagnose IUGR in 62 high risk pregnancies. The results are listed 
in Table XYIT. 
Although their true positive rate was 100% (9/9) and, therefore, 
false negatives were zero, their false positives were 69%* This poor 
specificity and the difficulty in measuring fetal bladder volume decreases 










■ Serial BPD Growth 2+abnormal E^> 3+abnormal E^ 
True Positive 15% 53% b3% 











False Positive 18% 19% 9% 
False Negative 25% bit 51% 
TABLE XVI: Comparison of the efficacy of serial cephalometry 
vs 2+ and 3+ abnormal estriols in diagnosis of IUGR. 
30 31 32 33 3b 35 36 37 38 39 ^0 
Weeks of gestation 
Fig. 28: Mean and 95% confidence limits for hourly fetal 
urine production rate vs gestational age1 
\ Bf 
HFUPR A.G.A. 5-10% IUGR Total 
>5% 29 (88%) 4 (12%) 0 33 
<5% 11 (38%) 9 (31%) 9(31%) 29 
TABLE XVII: Hourly Fetal Urine Production Rate as a predictor of 





In 1975 Campbell and Wilkin used fetal abdomenometry for 
the prediction of fetal weight. In this same paper they used their 
nomogram to detect IUGR from the predicted birth weights in 10,000 
randomly generated birth weights between 32 and 38 weeks gestational 
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age according to the distribution determined by Thorson, et al. 
In this fashion, they were able to pick out 87% of IUGR cases with 
one measurement of fetal abdominal circumference at 32 weeks gestation. 
Their success fell off with gestational age as shown in Table XVIII. 
If their actual results are as good as their computer generated 
results, this technique would appear to be very useful with an 
excellent selectivity and specificity. 
Campbell, however, was still not satisfied with those results and 
21 
has recently studied the fetal head to abdomen circumference ratio. 
Campbell noted in 560 benign gestations that in early pregnancy 
head circumference was greater than body circumference. The ratio 
approached 1.0 at 36 weeks and then the fetal abdominal circumference 
surpassed the fetal head circumference making the H/A ratio less than 
1.0. Campbell established means and 90% confidence values at each 
week of gestation (Figure 29). The H/A ratio was also determined in 
31 small for gestational age fetuses within one week of delivery, 
all of whom were correctly diagnosed as SGA by weight predictions 
from the abdominal circumference. Twenty-two (71%) out of these 31 
had H/A ratios greater than 95 percentile for that time in gestation. 
This 71% reflects the cases of head sparing, asymmetrical growth 
retardation where the head grows normally, but abdominal growth 































Weeks Gestation True Positives False Negatives False Pos. True Negative 
32 86.7 1.2 13.3 98.8 
34 81.8 1.1 18.2 98.9 
36 7^-9 1.3 25.1 98.7 
38 63.2 1.3 36.8 98.7 
TABLE XVIII: Specificity and selectivity of a single birth weight 
prediction from abdominal circumference measurements for 
the diagnosis of IUGR.2^ 
lU 16 18 20 22 2h 2 6 28 30 32 3b 36 -38 Uo 42 
Gestational age (weeks) 
Fig. 29: Head to Abdomen ratio vs Gestational Age in 568 benign gestations 
with means and 90$ confidence limits.21 
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circumference "but a normal E/A ratio. These cases are the 
symmetric or low profile IUGR cases. With "both AC and H/A ratios, 
Campbell feels confident not only in the diagnosis of IUGR but also 
in the diagnosis- of the type of IUGR. 
48 
Gohari, et al, felt that the first and most sensitive sign 
of IUGR was a decrease in the total intrauterine volume. They, 
therefore, studied TIUV growth with respect to gestational age. 
With 100 normal gestations they established TIUV growth pattern with 
respect to gestational age and determined + 1, 1 1/2, and 2 standard 
deviations around the mean (Figure 30). Following this, the 
TIUV of 96 cases suspected of IUGR were scanned. Twenty-eight 
of these were found at delivery to be SGA. The results are in Table XIX. 
It would appear from these results that there is 100% selection 
for assymetric growth retardation with TIUV less than -1 1/2 standard 
deviations. In the gray zone, that is, between -1 and -1 1/2 standard 
deviations, the cases may be either SGA or severely affected by symmetric 
growth retardation. If menstrual dates were used to determine the 
gestational age,instead of ultrasonic BPD measurements, as would seem 
appropriate because of lack of head growth, the cases of symmetric 
growth retardation would be below -2 standard deviations. The TIUV, 
therefore, also appears to be a highly selective and specific 
technique for determining IUGR. 
The results of the present study should also be useful for detecting 
intrauterine growth retardation. Since by definition IUGR is based 
on fetal weight, with our expected accuracy of 106 g/kg fetal weight, 
we expect to be able to predict the fetal weight within 159 g in 70% 
of 1500 g fetuses and within 212 g in 70% of 2 kg fetuses. 
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Fig. 30: TIUV growth curve with means and standard deviations 
used for diagnosis of IUGFi 
Symmetric Asymmetric 
TIUV^. AGA Growth Ret. Growth Retardation 
> -1 S.D. 53 0 0 
-1 to -1 1/2 S.D. 15 7 0 
< -1 1/2 S.D. 0 0 21 
TIUV as a predictor for appropriate for gestational 
age hirth weight, symmetric growth retardation and 




Those cases that fall at the extremes (>+ 2 standard deviations), 
however, may he missed, hut this should only account for only 2.0% 
all cases. So far in our prospective study of 32 cases we have 
diagnosed IUGR in six cases with four false positives and zero false 
negatives. Only a further test of time will prove these predictions. 
The prospective study will continue in the future. 
With the advent of this method of estimating fetal weight and 
the establishment of TIUV and AC growth curves (Figures 17 and l8) 
57 
as well as the BPD growth curve previously developed hy Hohhins 
(Figure 7)» it is now possible to closely follow fetal growth. Not 
only is it possible to diagnose appropriate or inappropriate fetal 
growth but also the type of IUGR. 
For instance, a BPD of 8.4 gives a gestational age of 35 weeks 
(Figure 7)* Pi this agrees with the patient's dates, then the AC 
and TIUV are measured and compared to normal means at this point in 
gestation. If these values are consistent, i.e., AC of 28 (Figure 17) 
and TIUV of 3300 (Figure 18) with an estimated fetal weight of 2050 
grams (Table XI), we would feel confident that fetal growth was 
proceeding well. If these values were below -1 standard deviation, i.e. 
AC of 25 cm and TIUV of 2100 cc with an estimated fetal weight of 1750 
grams, we would feel that head sparing or Type II growth retardation 
exists and the necessary therapeutic modalities should be employed. 
If, on the other hand, the BPD was 7*8 cm, which conforms to a 33 week 
gestation, but the menstrual dates place the gestation at 37 weeks, 
then either the dates are off by four weeks and the fetus is growing 
well or the fetus has severe Type I or symmetric growth retardation. 
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Tlie AC and TIUV are then measured and the estimated fetal -weight 
is calculated. If they are appropriate for the ultrasonic gestational 
age3 then the patient Is assigned a new EDC consistent with the BPD. 
If these values are below that expected, then severe Type I IUGR 
exists and congenital anomalies should he suspected. In either case, the 
patient is rescanned in two weeks. If appropriate growth of the BPD, 
TIUV, AC, and EEVT has occurred, then IUGR does not exist in this case. 
If there is no growth, then again severe Type I IUGR is the most 
probable diagnosis. 
This approach to all high risk patients Is employed at the 
Yale-New Haven Hospital Perinatal Unit at this time and has proven 




In order to develop an improved technique for estimating fetal 
weight, computer analysis was employed on 85 cases (Group I) in 
which BPD, AC, and TIUV were measured. The results show that hirth 
weight is "best correlated as a logarithmic function of these fetal 
body parameters. AC correlates better with log birth weight than 
either BPD or TIUV, but birth weight predictions can be most 
precisely predicted using both AC and BPD together, especially when 
higher order terms and their cross products are employed. Equation 10 
was derived from multivariant linear regressions on the data with a 
standard deviation of 106 g/kg of fetal weight and a multiple R^ 
of .980^. In this equation all terms with TIUV were eliminated 
as redundant or statistically insignificant. The TIUV, therefore, 
does not add to the accuracy of birth weight predictions. For the 
prediction of birth weight, the fetus is best approximated as two 
spheres, a head sphere and a body sphere. This analysis has been 
supported by a 32 case, Group II, preliminary prospective study. 
In a similar fashion, lUo cases, Group V, in which BPD, AC, 
and HC were measured were subjected to statistical analysis. The 
fact that birth weight is best correlated as a logarithmic function 
of fetal body parameters was confirmed. Again, the AC proved to have 
the best correlation with birth weight and the predictions were improved 
by adding cross products and higher order terms. The most accurate 




a standard deviation of 103 g/kg and a multiple R = .7025. Again, 
only AC and BPD terms -were used and terms with HC were eliminated. 
The manipulations of Equations 10 and 15 are very cumbersome, so 
computerized tables have been prepared with the computations already 
performed in Table XI and XV. 
In addition, AC and TIUV growth curves (Figures IT and l8) have 
been prepared from Group III in which the means and standard 
deviations are determined at each week of gestation. The growth in 
pathologic gestations was compared to that in normal growth in 
Figures 20 through 2k. AC growth appears to lag in Class C and D 
diabetic gestations, in ItJGR, in Rh Incompatibility, and In chronic 
hypertensives. AC growth appears normal in Class A and B diabetics, 
pre-eclamptics, and twins to 37 weeks. TIUV growth lags in IUC-R. 
It is appropriate In Class C and D diabetics, chronic hypertensives, 
and pre-eclamptics. The TIUV appears increased in Class A and B 
diabetics, twins, and Rh incompatibility. These results must be 
considered very preliminary as they were based on only a limited 
number of cases. 
Finally, a technique for monitoring fetal growth using 
ultrasonically derived measurements of BPD, AC, TIUV, and EFU was 
developed. This technique Is not only able to differentiate IUGR 
and macrosomia from appropriate fetal growth but to also differentiate 
Type I and Type II growth retardation. This technique is presently 
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